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Resumen   
 
El objetivo principal de esta investigación fue identificar marcadores moleculares asociados a la 
resistencia a gota en papa Criolla (Solanum Tuberosum grupo Phureja). La metodología utilizada 
fue mapeo de asociación, metodología implementada por  primera vez para el estudio de la 
genética de caracteres complejos en plantas en Colombia. En este trabajo se evaluó la resistencia 
en campo de 181 accesiones de la colección central Colombia a de papa (CCC), todos 
pertenecientes al grupo Phureja. Posteriormente esta información fenotípica se asoció con la 
caracterización genotípica divida en dos grupos, uno de genes candidatos y otro marcadores de 
polimorfismos de una única base (SNP, single nucleotide polymorphism) distribuidos en el 
genoma de papa. Esta asociación se realizó mediante el uso de un modelo estadístico mixto. Lo 
cual dio como resultado dos genes candidatos  y tres SNP asociados con la resistencia 
cuantitativa a gota en las accesiones del grupo Phureja, que pueden ser candidatos para diseño de 
marcadores simples para uso en selección asistida por marcadores moleculares.   
 
Palabras Clave: 
Marcador molecular, SNP, Resistencia cualitativa, mapeo de asociación, resistencia a gota, 
Solanum tuberosum group Phureja, genes candidatos.  
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Abstract  
 
The main objective of this research was to find molecular markers associated to 
quantitative resistance to late blight in group Phureja potatoes. The methodology used was 
association mapping, this methodology was used for the first time in genetic studies for 
complex traits in Colombia in this research. Here we phenotype 181 Colombia Core 
Collection (CCC) accessions of group Phureja germoplasm in the field for late blight 
resistance.  Phenotypic data were associated with genotypic data from two sources, one 
novel candidate genes and the other single nucleotide polymorphism (SNP) distributed 
along the potato genome. Association was done using the mixed model approach. As a 
result we found two novel candidate genes and three SNP associated with quantitative 
resistance against late blight in the group Phureja accessions.  
Key Words: 
Molecular markers, SNP, Association mapping, late blight resistance, quantitative 
resistance, Solanum tuberosum group Phureja, candidate genes.
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Introduction 
 
Potato (Solanum tuberosum L.) is the most important non cereal crop in the world and 
more than a billion people worldwide eat potato, its global production exceeding 300 
million tons per year (CIP 2011). Potato shares common genomic constraints with other 
crops, for example its narrow genetic base, reduced resistance to biotic and abiotic stress; 
also in potato it is difficult to implement marker assisted selection in breeding programs, 
due to the level of polyploidy and its heterozygosity. In order to solve potato crop 
constraints several methodologies can be implemented in different research fields, but 
most of these methodologies are bound to molecular markers and gene discovery 
(Bradshaw 2007).   
 
The narrow genetic base is a common constraint in many crops, it is a consequence of the 
domestication process, in which particular alleles are fixed in the population (Tang et al., 
2010). Genetic bases can be enhanced with alleles from individuals in germplasm 
collections and wild relatives of the crop. That is one of the most important aspects of 
genetic resources and that is why there are several germplasm banks for different crop 
species in different countries (Bradshaw and Ramsay 2005), collections are the raw 
material for breeding programs since they keep the genetic diversity that can be used to 
enhance the genetic base of the crop. 
 
For potato the largest germplasm collection is located in Peru at International Potato 
Centre (CIP) with 80% of the world’s native potato and sweet potato. In Colombia the main 
collection is hold in Corporación Colombiana de Investigación Agropecuaria (Corpoica) and 
a working copy is hold at Universidad Nacional de Colombia. This collection is important for 
potato breeding programs of the country, and the collection for group Phureja has been 
extensively studied and characterized. 
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Resistance to late blight in potato 
 
Problems caused by the narrow genetic base of a crop, are referred to lack of flexibility of 
phenotypes to confront biotic and abiotic stress. In potato the mayor constraints of the 
crop are linked to inbreeding depression and the susceptibility to many devastating pests, 
this was evident in the mid nineteenth century by the Irish famine, caused by P. infestans 
(Simko et al., 2007). Resistance to this pathogen has been broadly studied because of its 
economic impact on potato crops and several sources of resistance have been studied 
(Gebhardt 2004b; Hein et al., 2009; Mosquera et al., 2013). However, still no durable 
resistance has been found. The lack of durable resistance to P. infestans marks late blight as 
one of the principal problems for potato food security for the upcoming years.  
 
P. infestans is a pathogen with a high evolution rate; this evolving capacity is demonstrated 
by the rapid failure of the resistance from S. demissum in the years 1960´s. An important 
key stone to explain the evolution capacity was found in P. infestans genome organization 
that was presented by Hass and collaborators in 2009. RXL genes that encode most of the P. 
infestans effectors  are located in a cluster apart from the house keeping genes of P. 
infestans  making possible that mutation at RXL genes do not affect its viability , from which 
many effectors genes are being cloned and characterized (Haas et al., 2009). This may be 
the main reason for its devastating effects in potato crop.  
Resistance to diseases has been traditionally divided in to two categories, qualitative 
resistance and quantitative resistance. The first one, qualitative, is also named vertical, 
incomplete, dominant resistance, monogenic (R genes) and the second one, Quantitative 
Disease Resistance (QDR), is also named, polygenic, horizontal and field resistance (Poland 
et al., 2008).  
 
In potato two groups of R genes can be identified, the first group includes the R genes that 
were found in S. demissum spp, where resistance is already overcome by the pathogen.  The 
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second group includes R genes from Solanum species different from S. demissum; 
fortunately many of these “novel R genes” stills confer resistance to P. infestans when 
introgressed into S. tuberosum. Different sources of resistance to late blight can be found in 
Mexican and South American Solanum species, but unluckily classic transfer of resistance 
from wild Solanum species to cultivated potato is not always easy because of differences in 
ploidy and endosperm balance number (van der Vossen et al., 2003).  
 
Due to the R-gene resistance being overcome in the 60´s QDR was taken as a reliable source 
of resistance, but the complexity of this type of trait makes this work intensive and difficult 
for short term results. QDR to late blight is characterized by slower development of disease, 
in part caused by reduced infection efficiency, smaller lesions, lower sporulation and longer 
latent period (Wastie 1991 in (Rauscher et al., 2010).Numerous studies were carried out to 
determine QDR to P. infestans in diploid populations, (Leonards-Schippers et al., 1994, 
Sandbrink et al., 2000) and also with a tetraploid population. Several QTL corresponding to 
QDR to P. infestans were mapped in all the 12 chromosomes of potato (Danan et al., 2011). 
Many  QTL of resistance in potato are linked to hot spots of resistance (Gebhardt C. 2001).  
 
Resistance against P. infestans is one of the most important targets of potato breeding, this 
may be achieved by different approaches, classical breeding, marker assisted selection 
(MAS), cisgenic or transgenic methods (Park et al., 2009), it also depends on the type of 
resistance (Quantitative or Dominant) that one would like to confer to the crop.  The 
introduction of new alleles in cultivated potato is a key component in breeding for 
resistance and a commonly used tool to accomplish this is Marker Assisted Selection 
(MAS). MAS approach has some constraints; the most important being the reduced 
precision of molecular markers compared with the real position of the target gene (Collard 
and Mackill 2008). This causes the disruption between marker and genes, as a result MAS is 
not possible after disruption. If the gene and the marker are really tight linked or even if 
the marker is located within the gene, this marker is ideal for a MAS program. In order to 
solve problems of accuracy, reproductive barriers and to reduce costs, association mapping 
or association genetics is presented as an important strategy. The main reason for 
association mapping to be an alternative are that there is no need of segregating population 
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construction, the fact that a broad spectrum of alleles can be tested at the same time and 
finally that one set of genotypic data could be used with multiple phenotypes (Zhu et al., 
2008). Combining the use of diverse diploid germplasm and association mapping to search 
markers associated with resistance to biotic stress are an potentially useful tool for 
breeding.   
 
Molecular markers and genome sequence of potato 
 
Modern agricultural breeding is being assisted by molecular markers for the rapid and 
precise analysis of germplasm, this has been denoted as molecular breeding, that includes 
MAS, Marker assisted back crossing (MABC), marker assisted recurrent selection (MARS) 
(Cockram et al., 2010) and genome wide association selection. Molecular breeding is 
quickly being developed through high throughput genotyping techniques (Ribaut et al., 
2010). Molecular markers can be used in several and important stages of a breeding 
program: in the first stage to select parental genotypes, in selection stages, especially with 
traits that are difficult to measure using phenotypic assays, and also when working with 
back crosses to eliminate linkage drag. Furthermore, molecular markers have other uses in 
genetics, such as finding alleles associated to resistance to diseases or yield, inference of 
population history and for genome mapping in all systems (linkage mapping, association 
mapping and physical mapping) (Appleby et al., 2009).  
 
Analysis of molecular marker data in an association mapping population can be extensive 
and can be used as predictor of the population behaviour in a mapping scenario. Also the 
data generated are not just useful for mapping but for studying the diversity of the 
population and the genome diversity as well as the evolutionary history of the population. 
This information would improve the quality of germplasm collections. Genetic 
characterization of germplasm collections is of great importance because it gives the 
researcher a broad view of the diversity and genome behaviour of the germplasm 
collections and in general of the species; this is truly valuable information for the genetic 
characterization and as a consequence for breeding purposes (Beló and Luck 2010).  
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Genetic characterization has been through a dramatic shift in the last seven years with the 
advent of next generation sequencing (NGS) techniques (Egan et al., 2012). In recent years, 
several DNA sequencing platforms have challenged the dominance of Sanger Sequencing 
Method, the first generation sequencing method developed by Sanger and collaborators, in 
1970, which was the only sequencing method for more than 20 years. With this first 
sequencing technology, accomplishments were reached, like the human, Arabidopsis, rice 
genomes (Metzker 2010). With the NGS technologies many genomes of microorganism 
plants and animals have been sequenced, some examples of plants are: maize, barley, 
wheat, grape, cacao, strawberry, tomato and potato as well as others. The use of 
information from genomes and transcriptomes is also a tool for characterization of 
different traits (Martinez and Nelson 2010). These NGS sequencing technologies have 
driven several studies in different plant biology fields, in crop and in breeding technologies, 
molecular markers were dramatically increasing, especially single nucleotide 
polymorphism (SNP)markers (Fridman and Zamir 2012) . With the increase of SNP 
markers high through put technologies for genotyping were also needed in order to use 
this SNP data in an efficient manner. As a consequence arrays with thousands of SNP that 
can be genotyped in few days were developed, increasing the data points and lowering the 
cost for genetic studies (Nordborg and Weigel 2008). 
 
Recently the potato genome sequence was published, this is a major advance for potato 
crop since this information is currently helping to accelerate and overcome many obstacles 
for potato genetics research and potato breeding (PGSC 2011). For sequencing purposes a 
double monoploid from S. tuberosum group Phureja DM1-3 516 R44 was derived from 
tissue culture techniques and sequenced with NGS platforms from Illumina Genome 
Analyser and Roche 454 sequencing and conventional Sanger sequencing technology was 
also used to sequence DM. The genome was assembly using SOAP denovo, DM sequence 
assembly was used as reference to integrate sequence data from heterozygous diploid 
breeding line from S. tuberosum group tuberosum RH 89-039-16. This resulted in a deep 
transcriptome sequence from both genotypes, which were used to explore potato genome 
structure, organization as well as evolutionary aspects of potato. A total of 3.67 million of 
SNPs were identified between DM and the heterozygous diploid genotype RH with an error 
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rate of 0.91% (PGSC 2011). Also different compilations of SNP data for potato were done in 
order to develop a high throughput genotyping platform (Hamilton et al., 2011) and finally 
the SolCAP 8303 Infinum array was developed for potato genotyping.  
 
 
Association mapping  
 
Even though association mapping was defined by Weirs in 1988 and by Kruglyak in 1999 it 
is just in the last ten years that this concept was brought to the practice and currently is 
broadly used in the genetics field.  The increase in number of data points for genotyping 
and the increase in computational power are leading the development of association 
studies. Association mapping offers an interesting approach for the genetic analysis of 
quantitative traits because of its resolution power and the test of previously un mapped 
regions of the genome.   
 
Association mapping relies on linkage disequilibrium and offers a high resolution power 
due to the use of high amount of recombinations between the individuals from the 
population under study (Zhu et al., 2008). This methodology was initially applied in human 
genetics because for human genetics the construction of mapping populations is 
improbable, when humans are selected for association studies the background between 
them differs greatly, having as a result low linkage disequilibrium. 
 Actually with the high amount of molecular markers and the decrease in its cost, 
association mapping is an ideal tool for analyzing Quantitative Trait Loci (QTL) 
(Abdukarimov 2008).  
There are two kinds of association mapping approaches one the candidate gene approach 
and the GWA approach. The first one requires a genetic knowledge of the trait; the second 
one requires a high amount of molecular markers evenly distributed in the genome. The 
use of association mapping to work with quantitative traits like QDR is increasing using 
both approaches, especially because multiple loci of small genetic effect can be tested at the 
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same time (Tester and Langridge 2010). The use of GWA studies and candidate gene 
association mapping has been probed for several traits, in potato and in cereal crops 
(Rafalski 2010).  
Principles of association mapping  
 
Association mapping is also name  linkage disequilibrium mapping, these terms refer to the 
analysis of statistical association between genotype markers (markers of different types 
including SNP haplotypes) determined in a group of individuals and the phenotype under 
study for the same individuals (Rafalski 2010). It detects and locates quantitative trait loci 
(QTL) based on the force of the correlation between mapped genetic markers and traits 
(Mackay and Powell 2006).  The basis of this type of studies is linkage disequilibrium which 
exploits the phenotypic and genetic variation present across a natural population and 
concludes on the basis of the past recombination events that form the haplotype structure 
of the species under study (Oraguzie et al. 2006).  LD exploits genotypic variation because 
when we work with collections of thigh related species we can take into account the 
number of meiosis (recombination’s) that they overcome since the common ancestor. This 
amount of recombination increases the resolution of LD mapping.  
In order to understand how association mapping works is imperative to describe what is 
LD how is measured and which factors affect it.  
Linkage Disequilibrium 
 
LD is the “nonrandom association of alleles at different loci”. Sometimes is difficult to 
understand the concept of LD because when we talk about linkage we refer to a physical 
linkage between two loci, but LD is not just a physical linkage between the loci, it could 
happen between two loci y in different chromosome, but perhaps physical linkage always 
raises LD (Flint-Garcia et al. 2003). LD is measure in different ways, but in general, LD 
measures the co-occurrence of alleles at different loci, taking into account the expected 
frequency of co-occurrence of loci. LD could be produced by the mix of two populations 
with different gamete frequencies or due to a random association in small populations also 
selection pressure could be present, there are several factors that affect LD. 
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LD value is expressed using gamete frequencies of the genotypes if we talk about two loci 
with the following gametes A1,A2 y B1, B2we will have 4 types of  gametes (A1B1, 
A1B2,A2B1, A2B2)and the population will be in equilibrium if the gametes have random 
combinations of this alleles.    The first commonly used LD measure; D was developed by 
Lewontin and Kojima in 1960. The digenic D quantifies disequilibrium as the difference 
between the observed frequency of co-occurrence of an allele of locus A with an allele locus 
B, and the expected frequency of co-occurrence under LE. 
 
Table I-1. Data for LD calculations(Falconer and Mackay 1996) 
Genes A1 A2 B1 B2 
Genetic frequencies pA qA pB qB 
Gametic types A1B1 A1B2 A2B1 A2B2 
Equilibrium frequencies pA pB pA 
qB 
qA pB qA qB 
Real frequencies r s t u 
Equilibrium differences +D -D -D +D 
 
For table 1 data the value of D  should be the same without the sing, disequilibrium could 
be expressed in terms of the repulsion and accomplishment gamete frequencies, so  A1B1 
/A2B2 are accomplishment  heterozygous with a 2ru frequency  and   A1B2/A2B1 
repulsion heterozygous with 2st frequency. If the population is in equilibrium both groups 
would have the same frequencies (Falconer and Mackay 1996): 
D=ru-st 
D= (pA pB)( qA qB)-( pA qB)(qA pB) 
As we can see D value depends on the allele frequencies value D can only achieve a value o f 
1 if  pA qA = pB qB. In 1964 Lewontin standardizes D and  D´was the result(Neale 2008).  
D´=D/Dmax 
Where Dmax = Min (pA *pB, qA *qB) if D<0 and min (pA * qB ,qA * pB) if D>0 (Neale 2008). 
D´ value riches to 1 when at least one of the gamete combinations (A1B1,A1B2,A2B1,A2B2) 
frequency is 0. This values of D´ reflects why this LD estimation is used to have an idea of 
the recombination rate between a pair of loci. But D´=1 does not guarantee the absence of 
recombination because of power issues when dealing with rare alleles and hidden 
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recombination’s such that two haplotypes that recombine generate an already existing 
haplotype(Neale 2008).  
 
The other major LD statistic is r2 proposed by Hill and Robertson in 1968 which is a 
standardized form of D: 
r2=D2/( pA * qB *qA * pB) 
r2 also ranges between 0 and 1, it provides a good  predictive power between two loci. 
When r2= 1 is referred as complete linkage. Both statistics are frequency dependent, but r2 
frequency dependence is higher than for D´.D´ can achieve the maximum specially if one of 
the alleles is rare as sated before. r2 offers advantages for small size populations because is 
not affected by this factor (Neale 2008). The  r2  summarizes both recombinational  and 
mutational history mean while D´ measures only recombinational history and is an 
accurate statistic for estimating recombination differences. For the purpose of examining 
the resolution of association studies, Flint- Garcia (2003) favors the r2 statistics, as it is 
indicative of how markers might correlate with the QTL of interest (Flint-Garcia et al. 
2003).  This is important to take in to account for association analysis and for population 
structure because this rare alleles are frequent in natural populations especially if this 
populations undergo a bottleneck.  
LD is affected by different evolutionary forces like mutation, selection and recombination.  
First mutation one of the most important of population genetics force, it  introduces the 
raw material for new polymorphic loci and new haplotype generation that is going to 
resemble in a lower LD. Recombination is going to result in a weak LD intra-chromosomal 
loci, intra-chromosomal LD is broken down by independent assortment. Different factors of 
selection like matting patterns, possibilities for admixture, epistatic interactions and 
population size are also important.  Mating patterns affect LD due to the effectiveness of the 
recombination in selfing and out crossing species, selfing populations have less effective 
recombination than out crossing populations, finally selfing population have higher LD 
than LD in out crossing populations.  Admixture is also an important factor for LD, gene 
flow between different individuals from different populations, introduces chromosomes 
from different ancestry and with different allele frequencies. Population size affect LD 
because when the population size is small rare alleles combination disappear and LD 
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raises, one mechanism for the reduction of population size is caused by bottleneck (Flint-
Garcia et al. 2003) . Epistatic interactions also affect LD because of the co-occurrence of two 
alleles that are not physically liked.  LD values are also dependent on the history of 
recombinations in the populations under analysis. High LD values should be found in 
populations that have a long evolutionary history since they were join by the common 
ancestor as a consequence low LD values are found in populations that recently diverge 
from the common ancestor.  
Association relays in LD decay. As we sow there are several factors that influence LD one 
that plays a central role is recombination, it causes gamete and haplotype frequencies to 
change towards their equilibrium values. In order to calculate how this LD is changing in a 
population the number of generations t and a recombination fraction Ɵ should be include 
in the D estimation: 
Dt=D0(1-Ɵ)t 
Following random mating, in the absence of evolutionary forces LD decay is 0.5 per 
generation for unlinked loci.  Also LD decay is highly influenced by the physical linkage 
between loci, for close linkage and larger values of t: 
Dt~D0eƟt 
This means that recombination frequency and time act in the same way. Halving the 
recombination factor is compensated by doubling the number of generations. LD decays 
rapidly in the absence of linkage but persists for many generations with tight linkage 
(Mackay and Powell 2006). 
How to do association mapping 
 
There are five steps that one should follow to accomplish association mapping:  
1. Selection of the population's samples. 
2.  Population genotyping for regions / candidate genes candidates or as a whole genome 
scan. 
3.  Phenotypic characterization of the population for the interest trait 
 4. Assessment of the association between genotypes and phenotypes. The selection of the 
association test is the last step and it depends on the population's characteristics. 
Determination of the level and influence of the structure population on the sample 
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Selection of the population's samples 
 
The selection of the population is a key element in the process as it is for any type of 
mapping strategy. As LD is the basis for an association study as many recombination’s we 
can have in the population of study a better resolution we will add to our study.  The 
population should be diverse we can choose related species or individuals of the same 
species but that have different evolutionary  history like, individual from the same species 
but collected in different geographical places or individuals from the same species but with 
phenotypic differences. The use of a collection of individuals, such as those derived from 
wild populations, germplasm collections or subsets of breeding germplasm. This ensure the 
simultaneous evaluation of several alleles at each locus (Rafalski 2010).  Zhu 2008 states 
five types of plant populations that are frequently found and could be use for association 
mapping (i) ideal sample with subtle population structure and familiar relatedness, (ii) 
multi-family sample, (iii) sample with population structure (iv) sample with population 
structure and familial relationships, and (v) sample with severe population structure and 
familial relationships. Most of the populations will be type four due to the local adaptation, 
selection, and breeding history in many plant species (Zhu et al. 2008). 
 
Population genotyping for regions 
 
In association mapping there are two approximations, candidate gene and wide-genome 
studies or whole-genome scan associations. The use of either one depends on the type and 
amount of markers used for association. For candidate-gene association markers should be 
choose regarding the location and function of the genes involved in either biochemical or 
regulatory pathways that lead to final trait variation. This methodology implies good 
understanding of the biochemistry and genetics of the trait, and many genes can escape 
from the analysis. Wide-genome association involves testing for association most of the 
segments of the genome, by genotyping densely distributed genetic marker loci covering all 
the chromosomes (Rafalski 2010). For both methodologies the selection of markers is 
important.  
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The growing “boom” of high-throughput SNP markers helped association mapping to be 
possible, the availability of markers and low costs of high-throughput molecular markers is 
the key of association mapping revolution. Second-generation sequencing methods provide 
an extraordinary genotyping capability for model and non model organism. This 
technology produce read length from 30 to 400 bp from single DNA molecule arrayed and 
subsequently PCR-amplified or beads, in wells or immobilized surface. Second generation 
sequencing technologies are able to analyze hundreds of thousands to tens of millions of 
DNA molecules in parallel. As a result Complete or draft genome sequences are now 
available for large number of plant species, such as Arabidopsis, rice, sorghum, Populus, 
grape, soybean , Medicago, strawberry , cacao and potato (Ingvarsson and Street 2010).   
 
However SNP genotyping is the marker need for association studies accuracy and random 
selection of marker is need for association mapping. SNP genotyping is typically done 
indentifying SNP in a small group of individuals; the selected SNPs are scored in a greater 
number of plants with any scoring available method. Yet, this approach will rapidly become 
obsolete as sequencing costs are dropping to the point where whole genome resequencing 
will be a more cost-effective approach for genotyping.  More over improving in genotyping 
is also require for error rate, this can vary significantly between individual SNPs even when 
scored in a single assay. This is relevant for association mapping because low error rates 
(less than 3%) have drastically affects LD estimation accuracy, affecting the accuracy of 
association.  Random selection of SNP is important for LD estimation. Non-random sample 
of SNPs result in ascertainment bias, this bias is result of small SNP discovery panels that 
will undersample low frequency mutations. As a result a bias towards SNPs occurring at 
intermediate frequencies will be favor, reducing the amount of LD estimated compare with 
the one of random SNP selection (Ingvarsson and Street 2010).  
 
To choose an approach for association mapping relays in LD decay, as stayed before LD 
decay depend on the matting pattern of the species selected, this will determine the 
amount of marker needed in order to have a good resolution. For selfing populations in 
which LD decay is slowly and is extended through several Kb needing less markers than 
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out-crossing population that have less extended LD. This is key component to decide how 
to do genotyping and to have a speculation about the number of markers require for any 
type of association mapping.  
 
Candidate-gene assumes knowledge of the genetics of the character, the use of annotated 
data bases are important to find genes related to the trait under study. So different type of 
markers known to be related with the trait could be use, sequencing candidate genes offers 
a lot of possibilities for SNP discovery and is going to help in the discovery of different 
haplotypes for the association analysis. For wide genome studies SNP are the preference 
marker due to the wide distribution in any genome moreover with the new high through 
put technologies for sequencing and for SNP genotyping this wide association starts to be a 
dream become truth.  
 
Phenotypic characterization of the population for the interest trait 
 
Traditionally field experiments have been difficult to completely full fill mapping 
requirements.  Phenotyping is a key component in any kind of mapping; it is the main 
parameter to the association degree, power and the accuracy. For association mapping 
phenotyping often involves a relatively large number of diverse accessions, phenotypic 
data collection adequate replications across multiple years and multiple locations; all of 
these items are challenging (Rafalski 2010).  When phenotyping for QTL in bi-parental 
population a wide range of phenotypes is displayed, in a collection of individual with 
different parents this exhibition of phenotypes increases dramatically among the 
population of study.  
 
After genotyping rapid and increasing quality (amount, availability and accuracy) 
phenotyping still being a critical issue Phenotyping plays with the environment influences 
that´s why replications under different environments are need. Working with plants makes 
replication possible because genetically identical individuals can be test under different 
environments. This makes possible to estimate a mean phenotype that is less biased by 
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environmental effects or by measurement errors (Ingvarsson and Street 2010).  Also 
accuracy is important for phenotyping,  in the recent years the term “phenomics” started to 
play a central role in science. Phenomics borrows imaging techniques from medicine 
infrared cameras to scan temperature profile spectroscopes to measure photosynthetic 
rates, lidar (Light detection and ranging ) to measure growth rates and MRI ( magnetic 
resonance imaging) to reveal root physiology (Finkel 2009). The use of environmental 
information when field or green house evaluations are done is crucial for phenotyping 
study.  All the information should be stored in a data base of each particular trait specially 
for complex traits that will exhibit different components. Different models for databases 
have been developed in order to organize and process data for big mapping projects one 
example is Genomic Diversity and Phenotype Data Model (GDPDM) used by maize diversity 
group (Zhu et al. 2008). 
 
Association mapping usually involve a large amount of individuals with a wide range of 
phenotypes, phenotyping traits with high accuracy and precision can be both costly and 
time consuming, being more demanding that genotyping to obtain accurate association.  
 Assessment of the association between genotypes and phenotypes and population 
structure determination 
 
The main objective of association studies is to identify patterns of polymorphism that vary 
systematically between individuals with different phenotype states and could therefore 
represent the effect of allele variation in the phenotype.  There are several approaches to 
association studies depending on some previous analysis of the genotypic data. Those 
preliminary analyses include Hardy-Weinberg equilibrium, missing genotype data, 
haplotype analysis, population stratification (structure) determination and genotypic data 
analysis. Deviations from HWE can be due to inbreeding, population stratification or 
selection.  
Some method for association mapping will be explained, one of the most important 
preliminary analysis listed is the population structure determination, as stayed before the 
populations with this stratification should be treated with special statistical approaches 
that we would explain in this section.  
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The simplest way to do an association is a biallelic marker  and a categorical trait, this is 
divide in a 2x2 or a 2x3 (with 3 genotypes) contingency table and the statistical significance 
can be estimated with a Pearson X2 test. For quantitative trait the phenotype data 
phenotypic data is a distribution. If the data have a normal distribution a Student´s t-test 
can be used to determine the significance of the difference in means.  
For multiallelic markers and heterozygous individuals there is an increase in 
dimensionality, because of increase in genotypes and the possibility of genetic dominance 
effects. For that situation the analysis of variance (Fenoll et al.) method can be used. 
However the interpretation of the ANOVA null hypothesis of equality of means does not 
have a proper interpretation. What should be done is to break down the hypothesis into 
easily describable pieces; the resulting contrast should correspond to relevant genetic 
effects. This can be probed with the haplotype analysis in which combinations of genotypes 
of different markers are contrast. This haplotype analysis is a powerful tool to detect 
variant with low frequency. Nevertheless t-test and linear statistical model like ANOVA rely 
on the normal distribution of the data to estimate significance.  
Deviation from normality are common in association studies, phenotype distribution with a 
long tail could be due to experimental or genetic effects, in this case is necessary to apply 
deconvolution and to deal with the long tail separately. The focus of the association is in the 
central part of the distribution, the use of nonparametric method for association like 
Kolmogorov-Smirnov or Mann-Whitney test will give robustness to the association without 
normality. The detection of changes in shape and shifts in the distribution is done, 
detecting significant associations but is necessary to examine the empirical distribution to 
confirm the nature of the effect (Beló and Luck 2010).  
 
 In the case of population structure or stratification there are two popular approaches to 
avoid false positive associations due to the presence of stratification, genome control and 
structured association.  
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Determination of the level and influence of the structure population on the sample 
 
Population structure reflects the history of a populations, it could be due to the selection of 
a particular haplotype or alleles during the history of the species. The presence of a 
population structure could resemble in a false positive associations. PS determination is 
done also in terms of LD, since LD principle is the random association of alleles; population 
structure provides an unequal distribution of the alleles favoring some groups of alleles to 
be linked without any association.  As a result in structured populations a highly significant 
associations between a marker and a phenotype may be suggested , even though that 
marker is not physically linked to the locus responsible for the phenotypic variation 
(Buckler and Thornsberry 2002). To determine the presence of a population structure will 
ensure that our associations are true by correcting with our population structure or just 
because we are sure that we don’t have a structure.   
Population structure should be determined with neutral alleles, because those are not 
focus of selection. The effects of population structure can be corrected for using a large 
number of independent genetic markers across the genome (Flint-Garcia et al. 2005).   
There are two major statistical methods to determine population structure, genome control 
(GC) and structure association.  
Genome Control   
 
To adjust for population stratification in case-control studies delving and Roeder (1999) 
proposed a statistic that account for the impact of substructure by using the distribution of 
markers in the sampled genome (Devlin et al. 2001). Hidden population structure will 
inflate the variance of the trend test; the principle of GC is “if the variance of the candidate 
gene is inflated the null loci variance will be inflated to”. As a result the variance of the 
candidate gene can be corrected with the variance of the null loci (Zheng et al. 2005) .  
The GC rescales X2 because it is inflated by a factor of λ which is proportional to the 
population structure present.  λ is estimated by examining null loci across the genome and 
then this should be incorporated into the test by rescaling the chi-square statistic (Devlin 
and Roeder 1999).  The Cocharn-Armitage (CA ) trend test because it is independent from 
Hardy-Weinberg equilibrium and when using different trend test the results for a HW 
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equilibrium population is the same .  To apply the CA trend test, increasing scores are 
assigned a priori to the genotypes, consider a genetic marker with two alleles A and a in 
table 2.  
 
Table I-2.Genotype distribution for case-control data. 
 aa Aa AA total 
Scores 0 1 2  
Cases r0 r1 r2 r 
Controls s0 s1 s2 s 
Totals n0 n1 n2 n 
 
The CA trend test is based on the statistic: 
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In the absence of population structure and when the markers is in linkage equilibrium with 
the disease Z2 is distributed as X2  but in the presence of a structure the test is inflated by a 
factor of λ, as a consequently  Z2/λ is distributed as X2. To estimate λ, two choices are 
natural: a robust estimator such as the median of the X2 test statistics, divided by 0.456 
(Devlin and Roeder 1999),  
ˆλ= [median (Z12,... Zc2)/0.456]2 
Delvin (2000) suggested that at least 50 background loci should be used to estimate ˆλ 
accurately.  
Structured association  
 
Similar to GC, structured association also uses unlinked genetic markers to correct the 
effects of population structure, but in this case a simple scaling factor is not estimated. This 
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approach is found on the probability that each individual has to be assign to a 
subpopulation. Pritchard et al.(2000a) develop a method in which the attempt to assign 
individual to populations on the basis of their genotypes, while simultaneously estimating 
population allele frequencies.  
There is now way to staid which approach for association mapping to use, this selection 
should be done taking in to account stratification , type of association (candidate gene or 
wide genome), amount of markers type of phenotype, that is the reason that we present 
several approaches, and for each one we present the considerations and possible out puts.  
In order to do this the number of populations that are in the study should be identified, if 
the number of subpopulation is unknown the number is estimated using clustering 
methods there are two types of clustering distance –based methods and model –based 
methods.  Distance – based methods these proceed by calculating a pairwise distance 
matrix, then the matrix should be represented graphically and the clusters are identified by 
eye.  Model based method proceed observations from each cluster are random vectors from 
some parametric model.  Both methods are suitable to apply, but there is a certain range of 
error when clusters are determine by eye in the distance –based methods.  Using model-
based methods have several challenges; inference for the parameters corresponding to 
each cluster is difficult but could be done with statistical methods like maximum likelihood 
or Bayesian methods, so its accuracy is higher than distance-based methods. After the 
population structure estimation the association test is made. This test is Structured 
population Association Test (STRAT), has as null hypothesis that no association between 
subpopulation allele frequencies ate the candidate locus and phenotype, Versus alternative 
hypothesis where the subpopulation allele frequencies at the candidate locus depend on 
the phenotype(Pritchard et al. 2000).  
 
Model based- Method: The first Challenge is to specify a suitable model for observations 
from each cluster. Assuming that each cluster is modeled by characteristic allele 
frequencies; the main model assumptions are Hardy-Weinberg equilibrium within 
populations and complete linkage equilibrium within populations. Also model could be 
done with no admixture (individual are assumed to originate in just one of the K 
populations) or with admixture parameters. In the model X is the genotype of the sampled 
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individuals, Z is the population of origin of the individuals (unknown) and P the allele 
frequencies in all populations (unknown).  With the former assumptions for the model we 
need to infer Z and P values, this is done with a Bayesian approach.  
Pr(Z, PӏX) ~ Pr(Z)Pr(P)Pr(XӏZ, P)  
Is not possible to calculate exactly the given distribution, but is possible to obtain an 
approximate sample (Z(1), P(1)), (Z(2), P(2)), . . . ,(Z(M), P(M)) from Pr(Z, PӏX) using 
Markov chain Monte Carlo (MCMC) methods. 
Finally in Structured association first individuals are allocated to populations, then this 
information is used to control for population membership in the test of association. The 
software STRUCTURE is a good tool to find population structure with structured 
association approach, this program also allows to estimate the proportion of ancestry 
attributable to each population because sometimes a individuals will not belong just to one 
population those individuals could be descendents of crosses between two or more 
ancestral populations (Mackay and Powell 2006). 
 
The use of association mapping with new genotyping methodologies and an accurate 
phenotyping for QDR, will lead us to a better understanding of QDR and also QDR loci could 
be used to design new molecular markers to be used in MAS programs. Our objective for 
this research is to implement association mapping studies for QDR against late blight in 
potato, to better understand this type of resistance and characterize the resistance against 
late blight of the CCC of Solanum tuberosum group Phureja. This manuscript is divided in 
three Chapters, the first one a phenotypic characterization for disease resistance of the 
CCC, using a multi-environmental approach. Second, the use of association mapping with 
the candidate gene approach using candidate genes from an RNAseq experiment of 
tetraploid potato. Third the use of association mapping with SNP markers distributed along 
the genome in order to find genes or regions associated to late blight resistance. 
Phenotypic data for chapter two and three were the same data of chapter one, but different 
number of individuals was used in each chapter. Finally, a section of conclusions and 
perspectives will be presented.  
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Chapter 1 
Phenotypic analysis of the resistance to Phytophthora infestans in Solanum 
tuberosum group Phureja in different environments 
Abstract 
 
Phenotyping for disease resistance is an important issue for the genetic dissection of 
complex traits and also to understand the interaction of genotypes with different 
environments. Genotype x environment interaction is crucial for predicting the stability of 
genotypes, the strength of the interaction depends on different factors like, the number of 
genes controlling the trait and interacting with the environment. Here we report the 
phenotypic characterization to late blight resistance in four different environments under 
field conditions of a group of 181 genotypes from the Solanum tuberosum group Phureja. 
We found correlations for AUDPC values of the different genotypes under the different 
environments. Genotype x environment interaction was detected in the disease 
progression for some genotypes. Changes in diseases progression through environments 
were strongly dependent from the weather conditions rather than from type of isolate. The 
phenotypic characterization under different environments and in accurate way is 
fundamental to find allelic variants associated with complex traits. 
 
Introduction  
 
Late blight disease caused by the oomycete Phytophthora infestans (Mont.) de Bary has 
devastating effects on the potato crop. Late blight control in crops is highly expensive for 
farmers and ecologically unfriendly. Park et al.,, in 2009 reported that the worldwide 
estimated loss and costs for the control of this disease annually exceeds five thousand 
million dollars. The disease causes 10 to 15 % reduction in the global annual production, 
without estimation of the environmental damage caused (Park et al., 2009). In Latin 
America the use of fungicides is performed more frequently than in the European Union, 
what increasing the cost per hectare. According to the International Potato Center (CIP) 
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calculations  the annual extra cost in developing countries to control late blight are 3.25 
billion of  US dollars (Raman et al,. 2000; Mosquera et al., 2013). To find resistant 
genotypes and use them as parents for breeding populations is the main strategy to control 
late blight, this objective could be archive through, qualitative resistance (R genes) or 
quantitative resistance, but  discussion remains about how best to estimate resistance or 
susceptibility of a potato genotype (Andrade-Piedra et al.,2010).  
 
Phenotyping for disease resistance is complex due to the inability to dissect this trait into 
its components, especially in the field but the low correlation between field and laboratory 
results has been reported (Birhman and Singh 1995). To phenotype late blight in potato 
has several questions due to the use of visual estimation, in which the estimation is subject 
of different error sources by either over-estimation or sub-estimation of the portion of the 
plant affected (Bonierbale et al.,2007). The main symptoms of P. infestans are the water 
soaked spots at the edges of the lower leaves, after few days, these spots became blighted 
areas with indefinite edges (Agrios 2005.). Finally, this disease has a consequence of 
destruction or burn of the foliage and the dry rotting of the tubers (Grünwald and Flier 
2005). A complexity in the symptoms of late blight in field and laboratory conditions is 
reported, the phenological state of the plant and the concentration of the initial inoculum 
have direct incidence in the disease development; for example the younger foliage is more 
resistant than older foliage (Stewart 1990).  
 
Researchers have made manny efforts to study P. infestans and to understand the 
interactions between pathogen and plant in the attempt to find potatoes resistent to it 
(Kamoun and Smart 2005). Besides the use of fungicides, breeding for disease resistance 
has been widely used to confront this pathogen; generation of resistant cultivars from elite 
breeding clones crossed with commercial clones has been the main path to generate 
resistant cultivars (Gebhardt and Valkonen 2001). Traditionally this had been done using R 
genes which deploy a hypersensitive reaction against P. infestans, this type of resistance is 
called qualitative resistance or monogenic resistance (Simko et al., 2007). Qualitative 
resistance is usually described as monogenic, dominant and species-specific. The 
introduction of the R genes into cultivated potato was done first in the early 60´s, most of 
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them were defeated quickly by the pathogen, but cultivars with R genes from S. demissum 
could be less susceptible than cultivar without any R gene (Stewart et al., 2003). The main 
difficulties in the R genes transfer between different cultivars are the linkage drag, 
incompatibilities between parental genotypes and the level of ploidy of the parents 
(Rodewald and Trognitz 2013). Other source of resistance is Quantitative Disease 
Resistance (QDR), QDR is defined as a type of resistance that led to a reduction in disease 
rather than absences of disease (St.Clair 2010), also is considered as non-dominant, 
durable, polygenic (Grünwald et al., 2002). Efforts to understand and to use QDR in potato 
are a key component of potato breeding (Hein et al., 2009; Gebhardt 2013), the first gene 
identified for QDR in potato was the Allene Oxide Synthase 2 (Pajerowska-Mukhtar et al., 
2009). 
To develop resistant cultivars with QDR the most important step is the parent selection, in 
which selection of parental genotypes most be classified considering the behavior in the 
plant-pathogen interaction with a quantitative measure that reflects the broad spectrum of 
symptoms. Plant pathogen interaction has three main components: i) plant background 
(plant genotype), ii) pathogen isolate (pathogen genotype) and iii) environmental 
conditions (disease triangle) (Agrios 2005). Disease progression in field conditions gives 
valuable information of the performance of a genotype and the possibility to consider it as 
a parent in a breeding population. Usually individuals that deploy QDR are classified as 
intermediate resistance and the development of the disease is slower than in susceptible 
plants (Poland et al., 2008).   
QDR is a complex trait controlled by several genes; a trait with these characteristics is 
highly influenced by the environment and different phenotypes will result from the same 
genotype depending on the environmental conditions. This is called phenotypic plasticity 
and could be largely due to genotype x environment interactions. A trait is plastic when the 
same genotype results in development of a different phenotype depending on the 
environment the organism faces, plasticity is important in changing environments (Aubin-
Horth and Renn 2009). Not all genotypes respond in the same way to environmental 
conditions; however a variation of the response is manifested in the genotype x 
environment interaction (GEI). Genotypic plasticity is an important adaptive characteristic, 
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especially if a population is regularly exposed to heterogeneous environments, in which 
alternative phenotypes can be expressed in different environments (Ungerer et al., 2003). 
Theoretical models were developed to deal with hypothesis of phenotypic plasticity 
evolution and tests to probe it, have been conducted (Schmitt et al., 1999). Also some 
models implicate GEI as a factor, considering that the genetic bases of such interaction is 
based in alternative allelic variants in particular locus are favored by different 
environments (Gimelfarb 1990).  The phenotypic plasticity could be studied in term of the 
reaction norm of a genotype, in which several phenotypic responses are studied. The 
reaction norm is defined as the phenotypic expression of a given genotype for a single trait 
at several specified levels of a particular environmental factor (Sultan and Stears 2005).  
The GEI can be detected when performance of some genotypes across environments 
changes in different magnitude according to environment (Brown and Caligari 2008). For 
example, two genotypes A and B in the environments I and II change their phenotypic 
expression in opposite directions in different environments; in environment I genotype A 
has value of ten and in environment II, it has a value of 30, but for genotype B in 
environment I its values is 20 and in environment II the value is ten, demonstrating high 
incidence of GEI, because for one genotype the effect of the environment is to increase the 
measure and for the other the effect is to decrease  the phenotypic measure. In the absence 
of GEI both lines would perform better in environment I or II (Falconer and Mackay 1996). 
In order to represent the GEI different methods had been used, due to the complexity of the 
GEI in QDR at phenotypic level we use a graphic and regression approach as GGEbiplots 
(Des Marais et al.,2013) to study this GEI interaction in a disease resistance experiment for 
late blight using 160 genotypes of diploid potato Solanum tuberosum Group Phureja in two 
location in two seasons.  
 
Materials and methods 
 
Plant material: the plant material for this study was a population of diploid S. tuberosum 
group Phureja from the CCC. The establishment of the ploidy of these clones was done in 
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the Potato Research group in the Agronomy School at the Universidad Nacional de 
Colombia. Also breeding clones for late blight resistance and for virus resistance are 
included with clones from the German bank of germplasm. This group of clones forms a 
population of 181 genotypes distributed in the following way: 
 104 accessions of the CCC that were collected in different potato growing areas of 
Colombia, most of them came from the south part of the country.  
 21 genotypes from a segregating F1 population showing for resistance to P. 
infestans, resistant and susceptible clones were selected.  The susceptible parental 
of the cross is 48A.3 (CCC122.29 x Tomilla 1) and the resistant parental 2A.4, 
(CCC150.9 x CCC118.7), these genotypes are denominated as resistance clones. 
 16 genotypes from the breeding program. These genotypes are a part of the 80004 
family from the cross Criolla Guaneña x Criolla Galeras. These genotypes are 
denominated as breeding clones.  
 14 genotypes are from the German germplasm bank, which are materials from CIP 
germplasm bank collected in Peru and Bolivia and breeding materials are named 
IPK accessions.  
 Three Colombian commercial genotypes, denoted as commercial cultivars, Criolla 
Colombia (CrCol), Criolla Guaneña (CrGN;), Criolla Latina (CrLSE1), Criolla Paisa 
(CrPSE1) and Criolla Galeras (CrGL).  
 
The genotypes from the CCC were grown in the San Jorge Experimental Station, located in 
Soacha, Cundinamarca, at an altitude of 3,100 meters over sea level (m.o.s.l).  All the other 
genotypes were grown at green house conditions. 
The plant material was evaluated for late blight resistance in the field in two seasons in two 
locations in Colombia, two genotypes were use as controls, Capiro as susceptible control 
and Unica as resistant control. The first location was Subachoque in Cundinamarca, 2670 
m.o.s.l, the second location was La Union in Antioquia at 2594 m.o.s.l. The first crop cycle 
was carried out at first semester in 2010 and the second was carried out in the second 
semester in the same year. Each of the environments in different seasons was consider as a 
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single environments Subachoque in the first season is environment 1, La Union in the first 
season environment 2, Subachoque in the second season environment 3 and La Union in 
the second season was named environment 4. Experimental design was random blocks 
with four repetitions per genotype; the experimental unit was constituted by two tubers. 
Weather conditions were measure with meteorological station, the weather conditions 
were, temperatures from 11 to 16 °C and humidity from 81-95%. Plants were infected by 
natural pressure of the pathogen. Susceptible control, genotype Capiro, was planted each 
two rows of evaluated genotypes and in the edges of the field.  The locations have high 
incidence of late blight and the first evaluation was taken after a month of sowing. Disease 
progression was evaluated weekly between six to eight weeks, using Percentage of Direct 
Visual Estimation (PDVE) the inoculums were characterized with the differentials for eight 
R genes.  To estimate the disease progression we calculated the Area Under Disease 
Progress Curve (AUDPC). Data from each locality and season were taken independently as 
a different environment for the analysis. 
Data analysis  
 
AUDPC was calculated for each genotype in each environment, AUDPC was calculated 
taking into account the development of the disease through the time. The values of the 
percentage of area affected by the disease, are graph against the time, this can be converted 
into a linear graph, by the logarithmic transformation of the portion of tissue affected.  The 
following equation was used for AUDPC determination: 
 
Were Xi = is the portion of tissue affected in the observations, (Ti+1-ti) = time, days between 
data taken, n = total number of observations. 
PDVE data were taken for the 181 genotypes but AUDPC was calculated for 160 genotypes, 
in which the number of replicates was consistent across the four environments. 
Statistical analyses were carried out with GeneStat 16th software. Genotype x environment 
interactions were determined using one way ANOVA to determine if the environment was a 
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source of variance, using AUDPC values for genotypes in the different environments. Also 
meta-analysis for multiple environments using GGE bioplot (Genotype and Genotype for 
Environment) was done with a scatter plot in order to visualize the performance of the 
different genotypes under different environments. Correlation between the four 
environments was carried out with a correlation matrix. A plot the AUDPC values in the 
different environments was done using Microsoft Excels graphical options. 
Results 
 
AUDPC data calculated from the PDVE for each location and season were measured (fig. 1), 
in the variants of genotypes. The 160 genotypes were ranked in three different labels, 
susceptible, intermediate and resistant according to the behavior in the four environments.   
 
Figure 1-1. Bar graph for the AUDPC value of the 160 genotypes of Solanum tuberosum group Phureja in the 
four environments. Each of the four environments is represented by a color 1, blue, 2 red, 3 green, 4 purple. 
Horizontal color bars; represent the classification of the genotypes in the three categories for resistance to 
late blight: resistant in green, intermediate in black and susceptible in red. 
For the variance analysis we performed a one way ANOVA to find if there was a difference 
between environments. We found that it was a difference with the AUDPC values under the 
different environments, p value ˂.001, showing that the environments are a significant 
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source of variation. In figure 2 we show the box plot for the different environments in 
which environment four presented less variable values than the other three environments.  
 
Figure 1-2. Box-plot representing AUDPC values for the 160 genotypes of the CCC in the Y axis. Four 
environments tested in the X axis. Mean values are the lines in the middle of the box and extreme values are 
represented by green x. 
In the first scatter plot for the GGE biplot (fig.3), two principal components explain 94% of 
the variation of genotypes and environments, the vectors for each environment are 
represented. Correlation between environments could be interpreted from the blue vectors 
in figure 3 according to the angle between two vectors and can be corroborated by the 
correlation values between environments in table 1; for example the highest correlation in 
table 1 is between environment I and II, in figure 3 the vectors for the environment I and II, 
have the smallest angle between them. 
Environments 
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Figure 1-3. Principal components scatter plot, GGEbiplot. 160 genotypes for the AUDPC scores are 
represented in green (genotypes scores), environment scores for the four environments are represented in 
blue crosses and vectors for environments are represented in blue arrows. 
Correlations between environments are presented in table 1, showing the highest 
correlation between environment one and two and the lowest between environment two 
and four, even though values for correlations are close to one some differences could be 
inferred . 
Table 1-1. Correlation values table among the four environments. Values obtained from the AUDPC values of 
the 160 genotypes of S. tuberosum Group Phureja across the four environments. 
 Environment 1 Environment 2 Environment3 
Environment 2 0.617   
Environment 3 0.227 0.456  
Environment 4 0.266 -0.071 0.308 
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Two mega environments are described in figure 4 represented by the blue ovals. Almost all 
the genotypes performed equally under each mega environment, mega environment I 
groups environment one and two; mega environment II groups environment three and 
four. The two mega environments have areas in which they overlap showing that some 
genotypes perform equally under the two mega environments. Convex hull in figure 4 
contains all the genotypes, and it is divided in seven sections by the lines of sectors convex 
hull, a greater portion of genotypes is grouped in section one and two. CCC-101 is at the 
edge of the polygon in the first section in which environment one and two are grouped, this 
genotype showed considerable higher value in environment one and two than in 
environment three and four. In the edge of section two near environments three and four 
we find the genotype MP-263122B, which had higher values of AUDPC in environments 
three and four. Similarly CCC-002 that presented the highest AUDPC values in 
environments three and four, this genotype was considered as one of the most susceptible. 
In all the other edges of the polygon were genotypes with intermediate resistance and their 
AUDPC values were not far from the main group of genotypes.  
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Figure 1-4. Biplot, Scatter plot with principal components explaining 94% of the total variation for the CCC 
genotypes score (green) with the AUDPC values under four environments (blue numbers). Two mega 
environments are described in blue ovals and a dark green polygon (convex hull) for the behavior of the 
different genotypes with the AUDPC value.   
Graphs representing AUDPC value for selected individuals for three different groups of 
genotypes (Susceptible, resistant and intermediate) in the four environments are 
represented in the graphs of figure 5. Graphs represent GEI, when lines in the graph for 
susceptible genotypes cross each other several times in contrast to the resistant and 
intermediate genotypes. The lowest interaction is between environments one and two, and 
the highest is between environment two and three.  
Section 1
Section 2
Section 3
Section 4
Section 5
Section 6
Section 7
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Figure 1-5.  Three graphs of the Genotype x environment relationship for a group of eight individuals in each 
graph; each graph contains individuals classified as susceptible, resistant or intermediate, according to the 
level of resistance with the AUDPC values. Axis X represent the AUDPC value and axis Y contains the four 
environments.  
Discussion 
 
Disease assessment measures are subjected to the evaluator parameters that usually are 
not reflecting the real disease development, considering that, is not possible to have a 
100% accurate measure of the disease progression to avoid subjectivity using direct visual 
measures (Bonierbale et al., 2007). The use of PDVE was an accurate parameter to estimate 
disease progression, supported in the correlation values of the AUDPC through the 
different environments. One of the main constraints to evaluate a germplasm collection is 
that it would exhibit different morphological and developmental characteristic, making 
more difficult the correct estimation of disease. For example the observer changes from 
one vigorous plant to another showing less vigor, both could have the same percentage of 
progression of disease, but the greener back ground of the vigorous plant could induce the 
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observer to underestimate the disease incidence in the plant.  The use of scales in disease 
resistance evaluation has been widely used (Hansen et al.,2005) but these scales are mostly 
used for breeding populations or mapping populations coming from common parents, as a 
result some homogeneity in phenotypic traits will make easier the estimation of disease 
progression. Also the use of scales categorizes the observation in a qualitative manner and 
a quantitative measure is needed to study quantitative traits. We characterized a diverse 
population from a germplasm collection that exhibits high genetic diversity and phenotypic 
diversity; the wide range of phenotypic expressions in plant growth, behavior, diseases 
symptoms and disease progression, make less informative the use of scales, increasing the 
source of error. To increase the accuracy in disease progression the augment of number of 
replicates might be a part of the solution (Langridge and Fleury 2011). AUDPC is a measure 
that integrates aspects in host development and growth (Jeger and Viljanen-Rollinson 
2001) and the estimation of AUDPC with PDVE in different environments is reproducible 
an approach to asses disease incidence in diverse genotypes. 
Here we were able to observe that all the genotypes presented roughly  the same behavior 
in all the environments, the exceptions were the genotypes presented at the edge of the 
polygon in figure 4 (CCC-101, MP-263122B , CCC-002), this analysis let us understand that 
those genotypes have stronger GEI. The use of different environments for phenotyping the 
disease progression and in general for quantitative traits is crucial due to the fact that each 
gene can have a different degree of interaction with the environment and result in a 
different phenotype, establishing a different norm of reaction. Even though we 
characterized under different environments, the differences in the behavior of the different 
genotypes were not significantly different, showing some degree of correlations between 
the four environments (table1). In figure 5 we are able to see that groups of individuals 
showing intermediate and resistant phenotypes, the tendency of the graph was clear in 
each of the environments, but for susceptible genotypes a higher GEI was evident because 
lines of different genotypes were crossing each other constantly. When the effect of the 
environment is not always the same in the different environments an interaction might be 
responsible for this effect (Falconer and Mackay 1996). 
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In our analysis we should consider that the environment is not just the same location or 
season but has an additional condition that is the genotype of the pathogen or inoculum. 
We found a complex race of pathogen in the four environments, using the set of 
differentials for R genes from S. demissum.  We still were not able to find a high correlation 
between the genotypes and the isolate, since the isolates from the same location, La Union 
or Subachoque were similar, but the main grouping of mega environments, in figure 4, was 
due to the season, showing that environmental and climatic conditions have higher 
incidence in the AUDPC than location and isolate conditions. Evidence of low variability of 
isolates in Colombia was presented by Vargas and coworkers in 2009, they determined that 
populations of P. infestans in Colombia are highly clonal dominated by a single lineagethat 
belong to the A1 type (Vargas et al., 2009).  This makes evident the importance of 
environmental conditions over the isolates of the pathogen in Colombia.  
The use of genotypes showing stability across environments is a key component of 
breeding programs. The results of the multi-environment evaluations are useful to identify 
genotypes with consistent resistance or stable resistance (Pande et al., 2013). Also stability 
through multiple environments is an index of heritability of a trait. In our study we were 
able to identify that the most stable genotypes for resistance were: CCC-100, CCC-074, CCC-
051. This group of genotypes is represented in figure 5; the genotypes show high resistance 
in the same magnitude in all the environments.  
QDR is a polygenic trait in which each gene interacts with a characteristic of the 
environment or with the pathogen differentially. In our study we identified quantitative 
resistance in the population under study, because no hypersensitive response was present 
and none of the genotypes was fully resistant to the pathogen. The genetic dissection of 
QTL will help to explain QTL x environment interaction, the use of different environments 
could show the most important genes for disease resistance in each environment and the 
discovery of this interaction makes possible to the identification of the genes or regions 
involved in quantitative resistance. Study of these data at a genetic level to find genes 
responsible for the QDR in each environment could reveal the most important genes 
contributing to resistance in the different genotypes.  
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Chapter 2 
Identification of novel candidate genes for quantitative resistance to late blight in 
Solanum tuberosum group Phureja through association mapping 
  
Abstract  
 
Quantitative disease resistance (QDR) is an important research field to obtain more 
durable resistance for crops. Different approaches had been studied in order to obtain 
information of the genetic composition of quantitative resistance to P. infestans in potato. 
Here we use novel candidate genes approach in order to identify genes associated with 
resistance to late blight. 29 Candidate genes were selected from a differential expression 
analysis from tetraploid potatoes and we use 239 SNP found in the 29 genes for association 
mapping to find genes involved in QDR to late blight in a diploid collection of Solanum 
tuberosum group Phureja. We identify two novel genes associated to quantitative 
resistance, involved in stress responses.  
 
Introduction  
 
Potato is the most important non cereal crop, is consumed worldwide, the main production 
is centered in Europe with the 43% of the worldwide production (FAO 2012). The most 
important biotic treat for potato crop is the oomycete P. infestans that causes late blight 
disease that affects potato crop yield all around the world (Kamoun and Smart 2005). Late 
blight is a devastating disease well known to cause the Irish famine in the 1840´s.  Usually 
the pathogen is controlled with pesticides and fungicides that are not friendly to the 
environment or with resistant cultivars developed by breeders. Plant resistance to late 
blight has been mainly focused in R genes which confer qualitative resistance to crops, R 
genes resistance is considered being nondurable and specie-specific. An alternative to R 
genes is quantitative resistance. Some efforts have been done to find quantitative trait loci 
that explain this type of resistance. In order to be able to take advantage from the QDR via 
marker assisted selection, the identification of genes involved in this type of resistance and 
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their allele variants is necessary (Gebhardt et al., 2007). Since 2002 association mapping 
was proposed as an option to find genetic variants in a cost efficient way (Abdukarimov 
2008).  
Solanum tuberosum group Phureja has been used as a resistance source to late blight, one 
major resistance gene was found in group Phureja germplasm by Sliwka and collaborators 
(Śliwka et al., 2006). Also the use of diploid germplasm has been important in the 
dissection of quantitative resistance (Leonards-Schippers et al., 1994; Collins et al., 1999; 
Oberhagemann et al., 1999; Ewing et al., 2000). High resistance to P. infestans in a cross S. 
phureja x S. stenotomun was reported by Constanzo and collaborators in 2005, finding 
three major QTL explaining until 23% of the phenotypic variation in chromosome III. In 
2002 Trognitz and collaborators reported a major QTL in chromosome III in a cross of S. 
phureja x dihaploid S. tuberosum hybrid (Trognitz et al., 2002; Constanzo et al., 2005).   
Candidate gene approaches to find genes involved in the expression of particular 
phenotypes has been used in plants and humans for several years. This approach considers 
that variations in genes involved either physiologically or by its position near a trait that 
could be responsible of some phenotypic variation (Pflieger et al., 2001). The term 
“candidate gene” was defined traditionally based on the physiological pathway or position 
by genetic mapping, but with the increase in differential expression studies and facilities to 
analyze and identify the genes from expression studies, the expression level and regulation 
of expression in the candidate gene set was also included in the definition (Aghnoum et al., 
2009). Candidate genes for disease resistance usually point to genes involved in the 
pathogen recognition process. Nucleotide binding leucine reach repeat (NBS-LRR) protein 
family has been the main protein family related to detection of pathogens. R genes present 
in some cultivars are usually related to NBS-LRR proteins, the action of R genes often 
results in the detection of pathogens and hypersensitive response (HR). HR makes the 
plant immune to the pathogen (Dodds and Rathjen 2010). There are different approaches 
to find possible R genes from this NBS-LRR proteins, the NBS-profiling methodology 
(Linden et al., 2004) or the identification via-genome sequence of NBS-LRR candidates 
(Jupe et al., 2012), are examples of aproaches to identify candidate genes of the type NBS 
for resistance to different pathogens.   
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Candidate genes can be involved in any part of the disease resistance response or 
quantitative resistance response the study of the plant pathogen interaction is important to 
find the novel genes involved in resistance. The compatible interaction between potato and 
P. infestans is not uniform, the invasion progress and sporulation speed varies according to 
the host genotypes and the pathogen isolate. The variation in the disease progress 
characteristics is a result of quantitative resistance (Poland et al., 2008).  Candidate genes 
for disease resistance can be also genes related to quantitative resistance, until next 
generation sequencing era, most of the quantitative resistance genes or chromosomal 
regions were found by QTL mapping.  
 
In potato QTL mapping for late blight resistance resulted in 20 QTL distributed in all 12 
chromosomes (Gebhardt and Valkonen 2001; Gebhardt 2013), all of the 20 QTL have 
several potential candidate genes nearby. Another source of novel candidate genes for 
resistance is expression studies or transcriptomics studies. Expression studies take in to 
account genes that are expressed differentially in a compatible or incompatible interaction. 
Expression studies had evolved from hybridization techniques to sequence based 
techniques; hybridization techniques are microarray based and could be custom-made 
microarrays or high density microarrays but they rely on known sequences or Expressed 
Sequence Tag (ESTs). Sequence depending methods like RNAseq detect directly the 
sequence being expressed in the mRNA from cDNA libraries, depending on the type of 
profiling (Serial analysis of gene expression (SAGE), cap analysis of gene expression 
(CAGE), massive parallel signature sequencing (MPSS), RNAseq it is possible to measure 
the amount of transcripts (Wang et al., 2009). Interaction of P. infestans with potato has 
been a case of study in transcript studies by SAGE or RNAseq (Gyetvai et al., 2012; Gao et 
al., 2013). Several genes were found to be up or down regulated, especially some protease 
inhibitor gene families.  Gao et al., in 2013 reported a set of 31 genes that are down 
regulated or up regulated during the interaction with P. infestans in tuber and foliage. 
These types of studies are a source of novel candidate genes involve in resistance. 
Thousands of genes are differentially expressed during the compatible or incompatible 
plant-pathogen interaction that could be a key in quantitative resistance genetic dissection.  
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Association mapping is a methodology that allows evaluating the different alleles in a 
germplasm collection, involved in the genetic composition of a complex trait or several 
traits depending on the traits present in the population, without the need of a segregating 
population. The recent information of genomes and different technologies of high 
throughput genotyping opened a gate to association mapping studies in the past ten years 
(Abdukarimov 2008). Association mapping is a valid method for  working with quantitative 
traits in plants ((Thornsberry et al., 2001; Kraakman et al., 2004; Comadran et al., 2009; 
Pajerowska-Mukhtar et al., 2009; Simko et al., 2009; Yan et al., 2009; Huang et al., 2010; 
Neumann et al., 2010; Tian et al., 2011)). To develop the association mapping methodology 
it is feasible to follow two strategies: (1) candidate gene and (2) genome wide association 
studies (GWAS). Candidate gene approach for association mapping has been successfully 
used in potato for different traits like resistance to late blight (Pajerowska-Mukhtar et al., 
2009), cold sweetening (Fischer et al., 2013), chip color, starch content (Li et al., 2008), 
tuber bruising and enzymatic browning (Urbany et al., 2011). The use of allelic variations 
at candidate genes for association mapping studies is a tool to evaluated different alleles in 
a diverse panel of genotypes. Here we use a set of novel candidate genes from an 
experiment of differential transcriptome analysis, RNAseq from the interaction P. infestans-
potato to be used in an association mapping study in group Phureja genotypes to find genes 
associated to late blight resistance.  
Material and methods 
 
Plant Material: 104 diverse diploid accessions from the Colombian Core Collection (CCC) 
that belong to Solanum tuberosum group Phureja were used as plant material. Genotypes 
were collected in different potato growing areas of Colombia. The plant material is 
maintained in vitro and in field conditions. 
Characterization of phenotypic trait: The plant material was evaluated for late blight 
resistance in the field in two seasons in two locations in Colombia; two cultivars were used 
as controls, Capiro as a susceptible control and Unica as a resistant control. The first 
location was Subachoque in Cundinamarca, with 2,670 meters oversee level (m.o.s.l); the 
second location was La Union in Antioquia at 2,594 m.o.s.l. The first crop cycle was in the 
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first semester and the second crop cycle in a second semester of 2010. Experimental design 
was random blocks with four repetitions per genotype; the experimental unit was two 
tubers. Weather conditions were measure with meteorological stations; temperatures from 
11 to 16 °C and humidity from 81-95% were registered in field. The inoculation was 
natural, susceptible cultivar Capiro was planted each two rows of evaluated genotypes and 
in the edges of the field.  The locations have high incidence of late blight and the first 
evaluation was taken after a month of sowing. Disease progression was evaluated weekly 
between six to eight weeks, using Percentage of Direct Visual Estimation (PVDE) the 
inoculums were characterized with the differentials for eight R genes.  To estimate the 
disease progression we calculated the Area Under Disease Progression Curve (AUDPC). 
Data from each location and season was taken independently as a different environment. 
Genotype molecular characterization  
Selection of candidate genes: an experiment of differential transcriptome in tetraploid 
potato reveal a set of genes and SNPs involved in the quantitative response to late blight; 
The experiment was carried out at Max Planck Institute for Plant Breeding Research by Dr. 
Christiane Gebhardt´s research group (personal communication). For the differential 
transcriptome analysis, resistant plants were pooled at three different time points as well 
as susceptible plants. RNAseq analysis was carried out by Genexpro Company, and data 
analysis for this experiment was carried out at Max Planck Institute. A data base was built 
with the results of the experiment, it included information about the gene identification 
(ID) in the potato genome sequence (PGS), chromosome, position within in the 
chromosome, and p- value with Bonferroni corrections for each SNP in each gene founded 
in the RNAseq reads. Candidate genes were selected using the criteria of position on 
genetic map, number of SNPs per gene and the p-value for correlation with resistance. 
Genes that were located in a QTL for resistance to late blight, in which it was more than one 
SNP correlated with resistance and with p value for resistance less than 0.0001 were 
selected. The location was probed with the allocation of the markers that flank the QTL in 
the potato genome sequence. 57 genes distributed in all 12 chromosomes were selected for 
amplification (PCR), primers were design from the sequence of the PGS (PGSC 2011) taking 
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into account that the primers took in the highest number of SNP within the amplicon 
(supplementary table 3).  
Collection of SNP data:  29 genes distributed in all chromosomes excluding chromosome 
nine (table1) were successfully amplified for the 104 genotypes. Sanger sequencing was 
done for each of the 29 genes in 104 genotypes. A set of ten genotypes were sequenced, 
edited and aligned with DNASTART software, flanking sequences for the SNPs in the ten 
genotypes were call. SNPs flanking sequences for 239 SNP was used to call the SNPs with 
DAx software in the 104 genotypes. Data from DAx software were exported to excel (Excel 
office 2007) files and coded as diploid data, according to SNP dosage and the score, also 
data were revised manually.  
Statistical analysis 
 
Statistical analyses were carried out with GenStat 16th, and they were divided in 
phenotypic analysis and association assessment.     
Phenotypic data analysis: the four different trials were considered as four environments. 
Correlation and principal component analysis were done for the four environments with a 
correlation matrix. Adjusted entry means were calculated using the linear model with the 
data from the four environments, considering environments as factors in the model.  
Association assessment: the association analysis was carried out with the GenStat 16th, 
following the QTL single trait association analysis, with a Null Model and Eigen Analysis 
Model. Small population structure was found in these 104 individuals with SSR data (Juyo 
et al., 2014 in preparation), test with population structure and without population 
structure were carried out. Linkage groups and position for each SNP were found according 
to the PGS V4.03.  Threshold for association was fixed in 2.5. The minor allele frequency 
was test for 0.01 and 0.05. As phenotypic data adjusted entry means were used.  
Potato QTL blast 
 
The reported QTL in the chromosomes III and VI were blasted against the PGS. Flanking 
markers reported in the PoMaMo data base for the resistance map were identified. The 
sequence of these markers were downloaded and blasted in the potato genome resource 
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website in the blast-n option, with the parameters by default, against the PGSC S. tuberosum 
group Phureja DM1-3 pseudomolecules (v4.03).   
Results  
 
Phenotypic analysis 
 
 AUDPC data for the four environments was highly correlated. The principal component 
analysis showed that the genotypes behave similarly in all four environments as well as the 
correlation of AUDPC between environments (Figures 1a, 1b.). In the Principal Component 
Analysis (PCA)(Figure 1b) we found four principal components, the principal component 
one explains 90% of the variability and the second principal component explains 4% of the 
variability in the four environments. The genotypes behavior for resistance or 
susceptibility was similar in all the environments; the variation is due to the environmental 
conditions. The use of adjusted means considering environmental effects as fixed in the 
linear model makes the data reliable and agrees with the data for the four environments.  
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Figure 2-1 Representation of the AUDPC for late blight disease in the Solanum tuberosum group Phureja 
individuals from the CCC. Data for the four environments two seasons and two localities. a. heat map of 
correlation of the values of AUDPC  for four environments. 
 
Candidate gene selection: from the data base of differential transcriptome analysis of 
resistant and susceptible individuals by RNaseq. The data base has 1869 potential 
candidate genes we select 57 genes, distributed in the 12 chromosomes. Primers were 
designed for the 57 genes and PCR conditions were optimized and amplicon quality was 
evaluated on agarose gels (supplementary table 3). Finally 29 genes (table2-1) were 
sequenced and 239 SNPs were called from these genes in the 104 genotypes. Functions 
from the selected genes are involved in different process such as transport, photosynthesis 
and even ribosomal proteins. The biggest group of proteins is related to photosynthesis 
especially in photo systems.   
 
b
. 
a
. 
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Table 2-1. 29 Genes selected for amplicon sequence and analysis. Chromosome position in bp, gene ID (identification in the potato genome sequence) , 
p value for resistance in tetraploid germplasm in the expression analysis with Bonferroni corrections and gene function describe in the potato genome 
sequence browser. 
Chromosome Position Gene ID p-value-Bonf Function 
1 91366 PGSC0003DMG400019975 0.00892172 Ankyrin repeat-containing protein 
1 1155020 PGSC0003DMG400032190 3.88151E-10 Acidic ribosomal protein P1a 
1 79159666 PGSC0003DMG400000204 3.2499E-44 Thylakoid membrane phosphoprotein 14 
kDa, chloroplastic 
1 3198504 PGSC0003DMG400016369 1.0581E-14 Equilibrative nucleoside transporter 1 
2 55131413 PGSC0003DMG400029694 7.4053E-12 Eukaryotic translation initiation factor 3 
subunit 
3 470613 PGSC0003DMG400013431 1.2207E-01 PQ-loop repeat family protein 
3 16579344 PGSC0003DMG400019959 1.80E-02 24 kDa seed maturation protein 
3 34073643 PGSC0003DMG400016749 6.7342E-04 TMV - induced protein I 
3 45806417 PGSC0003DMG400009178 2.4390E-04 Pectinesterase 
4 2613851 PGSC0003DMG400029517 7.0372E-04 Desacetoxyvindoline 4-hydroxylase 
5 4810910 PGSC0003DMG400031271 8.0006E-37 AAA ATPase 
5 1981074 PGSC0003DMG400000827 6.23058E-06 Glycosyltransferase, CAZy family GT8 
5 2134566 PGSC0003DMG400000829 7.97401E-27 Transmembrane protein TPARL 
6 42623237 PGSC0003DMG402016495 4.57341E-94 Stem 28 kDa glycoprotein 
6 45374719 PGSC0003DMG401028933 1.0253E-49 Ribosomal protein S27 
6 49595917 PGSC0003DMG402005942 2.82176E-43 Endo-alpha-1,4-glucanase 
6 56859456 PGSC0003DMG400034939 1.3882E-02 Thylakoid lumenal 15 kDa protein 1, 
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chloroplastic 
6 45791812 PGSC0003DMG401028788 5.29135E-07 Inducer of CBF expression 
7 51164911 PGSC0003DMG400019248 7.85964E-42 Chlorophyll a-b binding protein 13, 
chloroplastic 
7 51795245 PGSC0003DMG400022241 3.1180E-96 Photosystem II 10 kDa polypeptide, 
chloroplastic 
7 50570547 PGSC0003DMG400019257 NA chloroplast thiazole biosynthetic protein 
8 34096635 PGSC0003DMG400020809 1.3018E-05 Cytochrome P450 71D11 
8 4677593 PGSC0003DMG400005805 NA Photosystem I reaction center subunit 
10 43300099 PGSC0003DMG400007205 3.9237E-33 Calmodulin 
10 48900330 PGSC0003DMG400028151 4.2885E-08 VAMP protein SEC22 
11 39022389 PGSC0003DMG400001148 3.0125E-17 rubisco subunit binding-protein alpha 
subunit 
11 41005290 PGSC0003DMG400027384 8.5974E-149 Calmodulin 
11 38796229 PGSC0003DMG400008080 6.1315E-15 CASP 
12 61613990 PGSC0003DMG400016959 7.9332E-51 ATP synthase delta chain, chloroplastic 
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The 239 SNP were distributed in 11 of the 12 chromosomes, (table. 2), genes selected for 
chromosome IX did not present a good amplification, and therefore this chromosome is not 
present for the analysis. 
 
Figure 2-2. Map the 239 SNPs funded in the 29 candidate genes sequenced in Solanum tuberosum group 
Phureja 
Association assessment: the association analysis was assessed with the 239 SNP data for the 
104 genotypes, with population structure and without population structure corrections 
considering the mixed model (table 2).  The population structure has two subpopulations 
and each is groups half of the population under study, according to Juyó 2014 (personal 
communication) and with the PCA we found two subpopulations in this set of genotypes.  
Population structure does not present a correction for the association with the AUDPC trait, 
because the results were the same using population structure correction in the mixed 
model or without population’s structure in the model.  
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Table 2-2.  Results of association analysis for quantitative resistance to late blight in S. Tuberosum group 
Phureja for the variable  AUDPC and with 239 SNPs in 29 genes. 
Chr. Described gene 
function  
Primer 
name 
SNP 
name 
SNP 
identification 
SNP 
position 
-log10(P) Effect 
3 TMV, induce 
protein 
TM14 SNP61 
 
TTAG(C/T)CCAT 
 
29900051 
 
2.6 10.5% 
3 TMV, induce 
protein 
TM14 SNP199 GTTG(C/G)CCTG 
 
29900189 
 
2.6 10.5% 
3 TMV, induce 
protein 
TM14 SNP211 CATC(T/A)GAAG 29900201 
 
2.6 10.5% 
6 Thylakoid 
lumenal 15 kDa 
protein 
TM18 SNP88 
 
CCTT(T/C)CCT 52355675 
 
3.5 13% 
6 Thylakoid 
lumenal 15 kDa 
protein 
TM18 SNP108 GGCC(T/C)CTT 
 
52355675 
 
3.5 13% 
 
We found two genes with SNPs associated to late blight resistance, the first gene identified 
as PGSC0003DMG400016749 in the PGS and its function is described as a TMV induced 
protein, it was amplified with the primer TM14.This gene is located in chromosome III. The 
three SNPs within the gene explain the 10.5% of the total phenotypic variation.  Each of the 
three possible genotypes for each SNP was represented by different number of individuals 
in the population (table 3).   
Table 2-3.  Individuals that present each genotype for the SNP associated to late blight resistance in the CCC.  
Primer name, SNP name and genotype presented and number of individual for each genotype of the SNP. 
Primer name SNP name Genotype Number of individuals 
TM14 SNP61 
CC 7 
CT 43 
TT 52 
TM14 SNP199 
AA 7 
TA 43 
TT 52 
TM14 SNP211 
CC 7 
CG 44 
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GG 51 
TM18 SNP88 
CC 24 
TC 53 
TT 13 
TM18 SNP108 
CC 26 
TC 51 
TT 10 
  
 Univariate analysis was done for the three SNPs in TM14 the p values were below 0.009 
for the three SNPs, showing significant differences for the AUDPC values for the individuals 
under each genotype group. For example individuals with genotype CC for the TM14 SNP 
199 show lower AUDPC values than the other genotypes (fig. 8). The box plot for the three 
SNPs in TM14 (fig. 3) show the same distribution of values for the genotypes; for example 
the distribution for the genotype showing resistance (in the left part of the box plots) have 
the same length of the box. This can be corroborated by table 3 with the number of 
individuals under each genotype. The resistant Allele for SNP 61 was CC and for SNP 199 
AA and for SNP 211 was CC, susceptible alleles are TT for SNP 61, TT for SNP199 and GG 
for SNP 211, as the box plot represents. These three SNP are present as haplotypes, they 
have the same distribution and when one is heterozygous the other two are also 
heterozygous, with the exception of some missing values. They have the same allelic 
distribution and have the same value for association and they explain the same percentage 
of phenotypic variation. 
The second gene was located with the primer TM18, gene function is annotated like 
Thylakoid luminal 15kDa protein in chromosome VI identified with the ID 
PGSC0003DMG400034939. Both of the SNPs explain the 13% of the phenotypic variation. 
The three different genotypes for the SNPs were found in the population, SNP88 TT, TC, CC; 
and SNP 108 with the same genotypes TT, TC, CC. The box plots (fig. 4) show the same 
distribution for both SNP with the exception of extreme values for some individuals CC and 
TT that are not present in both SNP data due to sequence quality. These two SNPs have the 
same behavior when SNP 88 is heterozygous the SNP 108 is heterozygous as well, also they 
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have the same effect and probability in the association test, the SNP 88 and SNP 108 they 
constitute a haplotype in this  gene.    
 
Figure 2-3. Boxplot for the distribution of AUDPC for each allele in the three SNPs in candidate gene 
identified with code PGSC0003DMG400016749 on chromosome III and annotated like TMV induced protein, 
primer name  TM14 for the S. tuberosum group Phureja from the C CCC. X is axis AUDPC value and Y axis is 
for genotypes for each SNP. a. SNP199 with the genotypes CC, CG, GG.  b. SNP61 with three genotypes CC,CT, 
TT and  c. SNP 211 with the genotypes AA, TA and TT . 
 
a. 
c. 
b. 
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Figure 2-4.Boxplot for the distribution of AUDPC for each allele in the two SNPs in gene identified like 
PGSC0003DMG400034939 on chromosome VI and annotated like Thylakoid luminal 15kDa protein, primer 
name, TM18 for S. tuberosum group Phureja from the CCC. X axis. 
 
The allele dosage effect could be inferred from the box plot in figure 3 and 4. There are 
differences in the phenotypic variation when a particular genotypes present, making 
evident that allele dosage for all the SNPs in the genes influence the phenotype for 
resistance or susceptibility.  
Using markers reported for QTL, involved in late blight resistance for chromosome III and 
VI (Meyer et al., 2005) we blasted these markers to find its position within the genome, and 
we used some of the markers as a frame for the QTL. The genes associated to resistance in 
both chromosomes are found within the frame of these flanking markers. For Chromosome 
III we used ten markers reported for three different QTL for late blight resistance (figure 
5a). The markers range from 626.670 bp to 53.173.121 bp the gene 
PGSC0003DMG400016749 (TM14) is located in 34.073.643 bp, this QTL was reported by 
Constanzo in 2005 and by Ewing in 2000 (Ewing et al., 2000; Costanzo et al., 2005) also 
Danan in 2011 reported a meta QTL in this chromosome starting near to this position 
(Danan et al., 2011). For chromosome VI we used ten markers and we find two QTL 
a b 
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reported (figure 5b) (Meyer et al., 2005) one anchored with the markers CT119 located in 
1.642.488 bp and the marker TG231 located in 19.118.739 bp and the second QTL 
anchored with the markers CP12 located 53.950.399 bp and the marker TG115 located in 
58.913.746 bp. This QTL was also reported by Danan in 2011 (Danan et al., 2011). The 
marker TM18 is located at 56.859.456 bp within the second QTL reported for resistance to 
late blight in chromosome VI. 
 
  
Figure 2-5. Representation of chromosome III(a) and VI (b) of potato, markers anchored in-silico , QTL for 
late blight resistance in potato in light grey.  Arrows for genes (TM14 and TM18) associated to resistance to 
late blight are indicated into the boxes. 
Discussion 
 
Here we report two candidate regions associated to quantitative resistance to late blight in 
Solanum tuberosum group Phureja. Variations in the two genes were associated to 
a b 
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resistance, first  gene (TM14) annotated with the function TMV response protein 1 located 
in chromosome III containing three SNPs and second gene (TM18), annotated with the 
function Thylakoid lumenal 15 kDa protein 1 located in chromosome VI containing two SNP. 
Within each gene the SNPs were found as haplotypes and they were responsible for 10-
15% of the phenotypic variance. The allele dosage influence the level of the resistance, 
since the phenotypic values increase or decrease depending on the number of resistance or 
susceptibility alleles, for TMV response protein 1 (TM14) and for Thylakoid lumeal 15 kDa 
(TM18). 
Quantitative resistance is a response mediated by different genes that could influence the 
magnitude of resistance differentially. It is possible to find additive effects due to the 
presence of two or more resistant alleles for the different genes in some individuals of the 
population, in our study no additive effect was found, since the individuals that present 
resistant genotypes for primer TM14 were different from the individuals that show 
resistant genotypes for primer TM18; individuals with resistant genotype for both genes 
(TM14 and TM18) were not present in the population, as a result, in our study was not 
possible to identify a clear additive effect for these two genes.  
The most resistant individuals in the population have the genotype TT associated to late 
blight resistance in the Thylakoid lumeal 15kDa (TM18) gene (TT in SNP 88 and TT in SNP 
108), this gene presented the highest value in the association test and also has a highest 
effect.  The fact that we are working with quantitative resistance gives the possibility that 
the presence of the two genes not always enhances the resistance due to other genes that 
might be involved in the resistance responses and we were not able to identify. But the 
presence of Thylakoid lumeal 15kDa resistance allele TT in SNP88 and TT in SNP 108 is 
clearly related to higher resistance of the genotypes. The confirmation by expression 
analysis could be done in order to confirm that both genes are part of the resistance 
response in Solanum tuberosum group Phureja.     
The genes evaluated here were selected from the RNAseq experiment for late blight 
resistance designed for a set of tetraploid potatoes; even though the data base was built 
using tetraploid potatoes it was a good tool to discover genes associated to late blight 
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resistance in diploid germplasm. It is possible to transfer information related to 
quantitative resistance from different types of germplasm, suggesting that mechanisms 
underlying the quantitative resistance could be similar in different germplasm and ploidy 
levels.  
 Quantitative resistance has been studied in different crops due to the benefits for breeding, 
in potato several QTL had been reported in all the chromosomes (Gebhardt 2013). Here we 
report genes associated to quantitative resistance to late blight in chromosome III and VI 
for Solanum tuberosum group Phureja. Previous researchers reported major QTL in 
chromosome III, Constanzo and coworkers in 2005 reported a QTL in a cross S. phureja x S. 
stenotomun. This QTL was located in 2.3 cM (It is represented by the first line in grey in 
figure 5a) and explained 23.4% of the phenotypic variation (Meyer et al., 2005), we found 
the TMV induce protein1 (TM14) is located in this QTL. Also a QTL for late blight resistance 
located in the same chromosome was reported by Ewing and co-workers in 2000, using the 
cross S. tuberosum x S. berthaultii. The QTL was located with marker TG135 and TG130 and 
explains around 26-37% of the phenotypic variation (Ewing et al., 2000).  We found TMV 
induced protein1  within these QTL, the protein function is not well characterized but is 
described with a lipooxigenase domain that  was also found in Arabidopsis, where it is 
related to protein binding, also could be a part of a membrane protein; the most similar 
protein in Arabidopsis is involved in jasmonic acid biosynthesis. When this gene was tested 
for transcriptomics analysis in the PGS browser, the gene was highly expressed during late 
blight infection and other pathogens, this gene might be related to stress responses. For the 
TM18 Thylakoid lumeal 15kaD we found it with in a previously reported QTL in 
chromosome VI, reported several times associated with GP76 (Collins et al., 1999; 
Gebhardt et al., 2004a), in our study was not possible to co-localize GP76 but we use TG115 
to anchor the QTL in the distal part of chromosome VI, also Danan and collaborators in 
2011 described meta-QTL in the same place in the genome around 56.000.000 bp near the 
Thylakoid lumeanl 15kDa protein (Danan et al., 2011). The gene for Thylakid lumeal 15kDa 
has not been properly characterized but from the sequence information we found that is a 
protein that belongs to the Tetratricopeptide Repeats (TPR) superfamily, this family is 
highly conserved, it was isolated from cyanobacteria and also from higher plants, which 
Chapter 3 “Association mapping for late blight resistance in a Solanum tuberosum group 
 Phureja”                                                                                                                                                    María Fernanda Álvarez  
63 
 
means that is highly conserved; it belongs to the thylakoid lumen. In Arabidopsis its 
molecular function still has not been characterized but in the TAIR database is related to 
carotenoid biosynthetic process, defense response to bacterium, response to cold, amongst 
others.  
Quantitative resistance in Solanum tuberosum group Phureja is controlled by different 
types of genes; here we find two novel candidate genes co-located with previous reported 
QTL. According to our knowledge this is the first work to report two genes associate with 
quantitative resistance to late blight through association mapping in group Phureja, 
Information generated from previous studies of QTL mapping is valuable to find allelic 
variations for resistance responses. Mechanisms under which quantitative resistance is 
controlled might be similar in different potato species, information from the genes involve 
in quantitative resistance are transferable in different types of germplasm. The degree of 
association to resistance from the different genes varies between potato groups and 
varieties, depending on the importance of the gene in resistance response.   
The candidate gene approach is a good approach to find genes involved in resistance 
responses.  The use of genomic, transcriptomic, and traditional QTL mapping information is 
a good strategy to find genes associated to late blight resistance. This information 
generated in this research will be useful to design molecular markers that can be evaluated 
in potato breeding programs.  
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Chapter 3 
Association mapping for late blight resistance in a  
Solanum tuberosum group Phureja  
 
Abstract 
 
Association mapping is a methodology that presents advantages to dissect complex genetic 
traits. The use of the association mapping approach can help identify genomic regions 
underlying complex traits in plants, humans and animals. We used the mixed model 
approach to find allelic variants associated to resistance to late blight in diploid potato 
Solanum tuberosum group Phureja. Three genomic regions were associated with resistance 
to late blight, with a set of 371 SNPs distributed in the 12 chromosomes of potato. 
Association mapping analysis was carried out with phenotypic data for late blight 
resistance in four environments. Annotation of the genes associated to late blight 
resistance confirms functions that are involved either in stress responses or signal 
transduction. We assessed the co-location of the genes with QTL previously reported, the 
genes are not within the QTL but the distance of the gene and the nearest marker that 
belongs to the QTL was between 1 and 2 Mb.  Linkage disequilibrium decay was measure 
for the 12 chromosomes with the SNPs data set, finding a resolution between 1 to 3 Mb for 
the population with the SNP markers data set.  
Introduction  
 
Potato (S. tuberosum) is the most important non cereal crop in the world, its production 
exceed the 300 million tons per hectare (Faostat 2012). Potato crop like other crops has a 
series of constrains, like a narrow genetic base, reduced resistance to biotic and abiotic 
stress, causing the reduction on yield. The main diseases in potato are produced by virus, 
nematode, bacteria, fungi and oomycete pathogens. Historically most of the research in 
potato disease resistance has been done in the oomycete Phytophthora infestans, the most 
important pathogen in the potato crop. Several efforts to produce resistant potato cultivars 
have been made since early 1960’s when the first R genes from S. demissum were 
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introgressed in S. tuberosum.  In order to enhance late blight resistance in potato several 
methodologies can be implemented in different research fields, but most of these 
methodologies are bond to molecular markers and gene discovery in potato germplasm 
collections or potato related species (Simko et al., 2007).  One of the newest methodologies 
for the discovery of allelic variation and novel genes related to important complex traits is 
association mapping. Ten years ago this methodology was implemented in plants for the 
first time (Wilson et al., 2004) and by 2012 it was applied to several crop and non-crop 
species (Zhu et al., 2008). Association mapping methodology takes advantage of the high 
throughput SNP genotyping in random regions of the genome or the use of SNP or other 
markers at candidate genes; in order to associate a genotypic characterization to the 
particular phenotype (Rafalski 2010). Here we use a set of SNP markers distributed along 
the 12 chromosomes of potato to do association mapping in order to find allelic variants 
associated to late blight resistance in group Phureja germplasm collection from Colombian 
Core Collection (CCC).  
Group Phureja compromise diploid germplasm from the Andean region in South America; 
one of the centers of diversity is located in Colombia at the Nariño region (Ghislain et al., 
2006). The group Phureja is important as a staple crop in the Andean region, but because it 
is diploid it is also important as a research tool. For research purposes the use of diploid 
germplasm simplifies difficulties for genotyping, mapping and finding Quantitative Trait 
Loci (QTL), most of the mapping and genotyping software are designed for diploid species. 
Diploid potatoes are also used to simplify tetraploids segregation since most of the highly 
heterozygous plants suffer from inbreeding depression making those plants highly 
susceptible to abiotic and biotic stress. The first potato sequence DM belongs to the group 
Phureja and is a double haploid (PGSC 2011).  
Genetic bases of potato crop can be enhanced with alleles from individuals in germplasm 
collections, this is one of the main importance of genetic resources conservation and study 
(Bradshaw and Ramsay 2005), to be able to solve some of the crop genetic problems, such 
as biotic and abiotic stress. For potato the largest germplasm collection is located in Peru at 
the International Potato Centre (CIP) with 80% of the world’s native potato and sweet 
potato. In Colombia the main collection is in Instituto Colombiano Agropecuario (ICA) and a 
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working copy is in the Universidad Nacional de Colombia with 110 accesions of phurejas. 
Germplasm collections are the raw material for breeding programs since they keep the 
genetic diversity that should be used to deal with biotic and abiotic stress.  
The introduction of new alleles in cultivated potato is a key component for breeding 
programs all around the world (Bradshaw 2007). Breeding for resistance to late blight is 
divided in two types, R genes and quantitative disease resistance (QDR). A source of R 
genes was found in different Solanum species; the most important was S. demissum in 
which 11 R genes were identified and used as a source of resistance in different cultivars 
around the world. Unfortunately this source of resistance was overcome rapidly by the 
pathogen and breeders had to look for new sources of resistance (Gebhardt 2004b). Also 
other R genes from different Solanum species had been used as sources of resistance and 
confer resistance (Sandbrink et al., 2000; van der Vossen et al., 2003; van der Vossen et al., 
2005; Tan et al., 2008; Hein et al., 2009; Lokossou et al., 2009; Pel et al., 2009). The other 
main type of resistance is the quantitative resistance or QDR, which as Poland say on 2008, 
its mechanism is not well known and many traits of plants can be source of this type of 
resistance (Poland et al., 2008). Research about the mechanisms of QDR is being done 
because this type of resistance is highly desirable and it is considered to be more durable 
and broad spectrum resistance. QDR, therefore has advantages for plant breeding since it 
won’t be overcome easily by the pathogens (Kou and Wang 2010). In potato, as in other 
crops, QDR mechanism has not been widely studied, because of its complexity; even though 
genetic studies of QDR has been popular, still are not able to be actively used in breeding 
due to  the lack of accuracy locating QTL. Several studies had been done in order to locate 
QDR loci in potato (Leonards-Schippers et al., 1994; Collins et al., 1999; Costanzo et al., 
2005; Visker et al., 2005; Śliwka et al., 2007; Danan et al., 2009; Hein et al., 2009; 
Pajerowska-Mukhtar et al., 2009), few clear applications to breeding programs are 
reported (Pajerowska-Mukhtar et al., 2009). These difficulties in the application of QDR are 
mainly due to obstacles in validation process for QDR loci, like the low level of resolution 
with in QTL and the difficulties to link a particular gene to the resistance phenotype. The 
resolution could be explained in terms of the difference of position between marker located 
within the QTL and the gene or genes responsible for the trait, when there is a considerable 
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distance between marker and gene this will result in the rapid disruption between markers 
and genes. Disruption could be avoided finding markers that are physically tightly 
associated with a resistance gene or when the markers are located in to the gene involved 
in the quantitative trait.  A high degree of Linkage Disequilibrium (LD) between the marker 
and gene caused by its physical linkage is desired, to be able to use the marker as a 
diagnostic marker (Gebhardt 2013). 
Quantitative traits analyzed using association mapping, could be more precise than the 
quantitative traits analyzed with linkage mapping. Association mapping is based in the 
hypothesis that there is linkage disequilibrium between marker and the trait, this 
hypothesis has consequences in the resolution, this might help with the problems of 
disruption between marker and gene of interest (Ingvarsson and Street 2010). Association 
mapping presents a series of advantages compared with traditional QTL mapping; the most 
important as we presented before is the increase of resolution due to LD between marker 
and gene, considering that the number of meiotic events between individuals under study 
is high, the LD will depend on small physical distance between gene and marker; the fact 
that a broad spectrum of alleles could be tested at the same time and it is not necessary to 
build segregating populations are also significant advantages of association mapping (Zhu 
et al., 2008). The recent information of genomes annotation, marker positions and 
transcriptomic information enhances association mapping power to detect particular genes 
associated with quantitative traits (PGSC 2011). Association mapping also offers an 
interesting approach for the genetic analysis of quantitative traits not just because of its 
resolution power but also for the possibility to study new regions of the target genome. In 
highly heterozygous species like potato association mapping shows a remarkable 
advantage mentioned before, the lack of construction of mapping populations, especially 
when like in potato the construction is not easy due to the inbreeding depression. Mapping 
populations are a constraint for most of the studies because they imply increase in time 
and cost for a mapping project, but in potato includes an extra issue because the steps used 
to design these mapping populations include some level of inbreeding, specially the 
populations needed for positional cloning of a gene, like near isogenic lines (NILS).  
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Here we present an association mapping study to find SNP markers associated to QDR to P. 
infestans, using a set of SNP markers in a germplasm collection from the group Phureja 
from Colombia. 
Materials and methods  
 
Plant material: the plant material for the study is a population of diploid S. tuberosum 
group Phureja from the CCC (Working copy of Universidad Nacional de Colombia). Also 
breeding clones for late blight resistance and for virus resistance were included with 
accessions from the German bank of germplasm. This group of genotypes form a 
population of 181 individuals distributed in the following way: 
 108 accessions of the (CCC) that were collected in different potato growing areas of 
Colombia, most of them came from the south part of the country.  
 21 genotypes from a segregating F1 population constructed for resistance to P. 
infestans, resistant and susceptible individuals were selected.  The susceptible 
parental of the cross is 48A.3 (CCC122.29 x Tomilla 1) and the resistant parental 
2A.4, (CCC150.9 x CCC118.7); these genotypes are denominated as resistance 
clones. 
 27 genotypes from the breeding program to produce virus resistant cultivars. These 
genotypes are part of the 80004 family from the cross Criolla Guaneña x Criolla 
Galeras, from the Universidad Nacional de Colombia potato breeding program. 
These genotypes are denominated as breeding clones.  
 18 genotypes from the German Germplasm Bank, which are copies of materials 
from CIP germplasm bank collected from Peru and Bolivia and some breeding 
materials, are named like IPK accessions.  
 Six Colombian commercial genotypes, Criolla Colombia (CrCol), Criolla Guaneña 
(CrGN;), Criolla Latina (CrLSE1), Criolla Paisa (CrPSE1) and Criolla Galeras (CrGL). 
Denoted as commercial cultivars. 
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The genotypes from the CCC were grown in the San Jorge experimental station, located in 
Soacha, Cundinamarca, at an altitude of 3,100 meters over sea level. All the other genotypes 
were grown at green house conditions.  
Genotyping: DNA was extracted with the DNeasy Mini Kit from Quiagen, and quantify with 
Nanodrop (Thermo Scientific).  DNA was be diluted to 50 DNA ng•μ-1. Genotyping was 
done with SNP markers. Oligo Pool All (OPA) technology from Illumina based on the golden 
gate assay was used to score the SNPs (Fan et al., 2006). Four OPAS designed for potato 
were used; this part of the research was carried out in collaboration with Dr. Glenn Bryan 
James Hutton Institute (JHI) (Hamilton et al., 2011). Each Potato OPA (POPA) had 384 SNP 
markers and two plates of 96 samples were done in each run.  POPA 1, 3, 4 and 6 were used 
for genotyping. SNP data location in the potato genome was given by the JHI and the 
information is also at the web site of Solanace search (Sharma et al.,2013).  
Phenotypic characterization: the plant material was evaluated for late blight resistance in 
the field in two seasons in two locations in Colombia; two genotypes were used as controls, 
“Capiro” as susceptible control and “Unica” as resistant control. The first location was 
Subachoque in Cundinamarca, 2670 m.o.s.l, the second location was La Union, Antioquia at 
2594 m.o.s.l. The first crop cycle was in the first semester and the second crop cycle in a 
second semester of 2010. Experimental design was random blocks with four repetitions 
per genotype; the experimental unit was two tubers. Weather conditions were measured 
with meteorological stations, the weather was suited for disease development, 
temperatures from 11 to 16 °C and humidity from 81-95%. The inoculation was done with 
natural inoculum, the susceptible genotype, Capiro, being planted each two rows of 
evaluated genotypes and in the edges of the field.  The assays had high incidence of late 
blight and the first evaluation was taken after a month of sowing. Disease progression was 
taken weekly, between six to eight weeks, using percentage of direct visual estimation 
(PVDE) the inoculums were characterized with the differentials for eight R genes. To 
estimate the disease progression we calculated the Area Under Disease Progression Curve 
(AUDPC). Data from each locality and season was taken independently as a different 
environment. 
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Statistical analysis 
 
Phenotypic data analysis: the AUDPC for the four different environments was analyzed with 
GeneStat 16 software. Correlation between environments was done following the 
procedure PRCORRELATION. Summary statistics were calculated including variance and 
standard deviation for each environment. 
Genotypic data analysis: for each marker of the 1,200 SNPs we calculated the number of 
missing data and frequency of each allele. Markers were selected taking in to account 
frequencies higher than 0.001 in the Minimum Allele Frequency (MAF). LD decay was 
calculated for each of the 12 chromosomes using the Eigen analysis relationship model; in 
which from principal components analysis based on molecular marker matrix, the most 
significant components are used as population structure. The maximum distance between 
markers represented in plots was 1Kb.  LD values are expressed in terms of r2 values. Eigen 
analysis was done to confirm the number of principal components taken in to account for 
sub population grouping from the SNP markers data.  
Association analysis: Association analysis was done using the mixed model marker-trait 
association analysis or LD mapping. The relationship model was the Eigen analysis, using 
two principal components as population structure, choosing fixed option.  The threshold 
was established with the effective marker matrix dimension, that considers the effective 
marker matrix data and calculates the threshold as –log10 (alpha/nC) and alpha was 0.05.  
Mapping SNPs with two or more matches in the Potato Genome Sequence (PGS): we mapped 
using the SNPs data as genotyping data and the marker solcap_stsnp_c1_9342 as 
phenotypic data, to map its position in the data set using the association test to identify the 
proper position in which it was mapping.  
QTL co-location: according to the meta-QTL for late blight resistance established by Danan 
et al., (2011) we anchored the markers (for which the sequence was available) in the PGS 
pseudomolecules V 4.03, the meta QTL framework was established for chromosome II and 
III.   
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Potential function of the associated genes: the genes associated to resistance to late blight, 
were searched at the SPUD database (SpudDB 2011), we use the links to Interpro database 
(Hunter et al., 2012) and Tair database (Swarbreck et al., 2008). We determine the possible 
function and process in which the genes are involved. 
Results  
 
Phenotypic characterization: summary statistic (supplementary data 1), show as expected 
high values of standard deviation, due to the diversity of genotypes presented in the 
analysis. Histograms also confirm a wide distribution of AUDPC values and for each 
environment we found normal distributions confirmed by normal plots (supplementary 
figure 2). Correlation analysis between the four environments rage from 0.73 to 0.92, 
(figure1), the highest correlation was between environment one and two and the lowest 
value for correlation was between environment two and four, which were in the same 
locality in different season. Environment four was showing lower values for correlations 
with other environments than the other three environments between them. For the four 
environments the inoculum race was consider as complex after the eight differentials show 
its complexity, being positive for more than two differentials.  
 
Figure 3-1. Representation of the correlation index between the four environments for quantitative 
resistance measure through AUDPC variable of the individuals of the CCC from group Phureja. Environments 
one to three in x axis and two to four in the y axis. Heat 
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Genotypic data: we score 1152 SNP markers in three different POPA assays. After quality 
was checked in the Genome Studio software, we choose 1,302 SNP markers. In POPA four 
and six we deleted up to 4% of the SNP markers, meanwhile in POPA1 we deleted 37% of 
the markers. After the frequency analysis with MAF, the SNP with MAF higher than 0.01 
were selected. We used as a set of 371 SNPs, distributed along the 12 chromosomes 
(figure2). We found that whith the polymorphic markers in this study most of the 
chromosomes (exception chromosome II and III), Some gaps are present in the middle part 
of the chromosomes without markers. 
 
Figure 3-2. 371 SNP markers used for association mapping analysis, distributed in the 12 chromosomes of 
potato. X axis show the chromosome number and Y axis show position of the SNP in base pairs (bp) . 
LD decay was calculated for the 12 chromosomes, and a quantil model was applied to 
establish for each chromosome LD decay curve (figure 3). For chromosome IV and XII LD 
decay model could not fit, as well as the other ten chromosomes fitted. For the other ten 
chromosomes the LD decay was measured between 1Mb and 2.5Mb. 
Association analysis was done for the four environments (table1). We found the same SNPs 
associated in environment one and two, which were done in different localities in the same 
season. SNP solcap_stsnp_c1_7325 was found consistently in three of the four 
environments, and the SNP solcap_stsnp_c1_27 was found just in environment four and it 
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had the highest effect. Effects range was between 8-15%.  SNP function according to the 
PGS or according to the position of the SNP (table2).  
For the marker solcap_stsnp_c1_9342 we found two matches for the position in the PGS 
one in chromosome I at 46.351.205 bp within a gene of unknown function, and other in 
chromosome II at 26.702.042 bp in a genomic region in which no gene is reported. We 
mapped the position of this marker with association mapping, for the SNP 
solcap_stsnp_c1_9342 the best fit was for the SNP solcap_stsnp_c1_9376 with a log value of 
ten, the position in chromosome II was used in the association analysis. 
 
Figure 3-3.12 plots representing the linkage disequilibrium (LD) decay for 12 chromosomes for the 
individuals of the CCC from group Phureja with 371 SNP markers. X axis show the distance between markers 
and Y axis the value for LD; each plot represents a chromosome.  
For the SNP solcap_stsnp_c1_7325 we found that it was reported within the gene Pom30 
protein, a mitochondria anion channel. The SNP solcap_stsnp_c1_27 is located within a gene 
of WD-repeat protein, from a family of proteins name transducin, involved in nucleotide 
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binding. For the solcap_stsnp_c1_9342 no gene is reported but is shown to be differentially 
expressed during the infection with P. infestans. All the SNPs associated to late blight 
resistance were reported in the PGS transcription analysis information, to be differentially 
expressed during the infection of P. infestans.  
Table 3-1. Association analysis summary for the four environments with 371 SNP. SNP chromosome, name, 
log and effect. 
Chromosome SNP name -log 10(P) Environment Effect % 
2 solcap_stsnp_c1_9342 3.398 1 8.15 
2 solcap_stsnp_c1_7325 3.620 1 11.6 
2 solcap_stsnp_c1_9342 3.229 2 8.21 
2 solcap_stsnp_c1_7325 3.045 2 10.95 
2 solcap_stsnp_c1_7325 3.469 3 12.71 
3 solcap_stsnp_c1_27 3.006 4 14.98 
 
Table 3-2.Name, chromosome, position, and function for the associated SNPs. 
Chromosome SNP name Position Gene function 
2 solcap_stsnp_c1_9342 26702042 Unknown protein 
2 solcap_stsnp_c1_7325 42764457 Pom30 protein 
3 solcap_stsnp_c1_27 58654343 WD-repeat protein 
 
For meta-QTL anchoring, 77 markers in the meta-QTLs of chromosome II and III reported 
by Danan in 2011 were anchored with the PGS pseudomolecules V 4.03 information. The 
SNP solcap_stsnp_c1_9342 is located between meta-QTL 1 and 2 in chromosome II, is 3Mb 
apart from the meta-QTL 2. Also in chromosome II for the SNP solcap_stsnp_c1_7325, is not 
collocated with the meta-QTLs but is between meta-QTL 2 and 3, is 2Mb apart from meta-
QTL2. In chromosome III the SNP solcap_stsnp_c1_27, is located 3Mb apart from the third 
meta-QTL reported for chromosome 3 (supplementary table 4). 
Discussion  
 
After analysis of the different environments, we could see that for the first three 
environments genotypes behave in the same way and the differences of values in the 
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AUDPC is due to environmental conditions, but the most resistance and susceptible 
genotypes remain the same through the different environments. In environment four we 
had special interest since it was less well correlated with the other three environments 
than the correlation between the first three environments (fig. 1), in this environment the 
genotypes that were susceptible in other environments show lower values for AUDPC, 
similar to the individuals that show intermediate resistance in the other environments. 
This could be explained by the environmental conditions which were favorable for the 
disease progression in less time.  
LD decay analysis for each chromosome was done. We found that the data set was useful 
for doing association mapping with a resolution between 1.5 and 2Mb in almost all the 
chromosomes. Chromosome IV and XII were the exceptions, even though they have similar 
number and distribution of SNPs in the chromosomes. The fact that LD decay is distorted in 
chromosome IV could be explained for a pair of marker that present high LD and that are 
17 Mb apart, but is increased because the number of markers that have this amount of 
distance between them is reduce forcing the model to fit in a straight line. For chromosome 
XII the distortion could be explained by two gaps in the chromosome without SNP markers, 
represented in figure 2, the gap increases the distortion in LD decay, because we found few 
values for LD in a pair of markers with distance between them higher than 10Mb, and to 
many values of LD for pairs of markers with distances between them of 1-10 Mb. The 
distortion in both chromosomes might be solved using more markers evenly distributed 
along the chromosome. Also this kind of LD could be caused by the presence of population 
structure that in our case is limited to two populations according to the principal 
component analysis.  Finally to solve this fit of LD decay, it would be good to measure the 
distance between markers in cM not in base pairs because is a recombination measure to 
estimate a parameters that results from recombination. In order to do this we should have 
a linkage mapping population that involves some of the phurejas under study to be able to 
map the same SNP with a cM measure.   
The SNP solcap_stsnp_c1_9342 was found associated in two environments in the same 
season, this SNP was not reported in PGS web search because it had two hits one in 
chromosome I and other in chromosome II. We use association mapping to find the correct 
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position, using the marker as a phenotypic trait. The marker was located in chromosome II, 
associated with marker solcap_stsnp_c1_9376 located at 26.907.575 bp, with a value for 
the probability of  Log-10(P) 10, this value of association indicates high LD between the 
two markers corroborate that the position of this SNP was in chromosome II. This marker 
position is not located within an annotated gene, but the fact that the region is differentially 
expressed in the transcriptomic information makes the region a possible candidate for 
either a regulatory region or a novel gene. 
A SNP solcap_stsnp_c1_27 was associated with resistance in environment four, taking in to 
account that the disease behaved differently, we decided to include this SNP even though it 
was not consistent through different environments. The lack of consistency across the 
environments depends on the particular conditions of environment and pathogen isolates, 
resulting in differences in the disease progression. The genotype x environment 
interactions, “could be used to discover novel genes that act synergistically with other 
factors without having demonstrable marginal effects”(Thomas 2010).  Those differences 
between environments could let us unmask the effect of genes involved in resistance 
responses, which are more important in this particular environment. In QDR changes in 
weather and pathogens isolates (genotype x environment) might use different genes to 
respond according to particular conditions. The SNP is located within a gene that contains 
several copies of the domain WD40 /YVTN, this domain is related to nucleotide binding 
and signal transduction (Hunter et al., 2012). It is possible that this domain is involved in 
signal transduction but it is not clear the relationship with resistance, since just this 
domain is reported in the gene and several copies of the domain are presented in the gene 
annotation.  Some annotations of the gene suggest stress process involve in its function. 
We also identify a SNP consistently in environments one, two and three; the SNP was 
located in chromosome II within the gene “Pom30 protein”, related with a porin for anion 
transport either in arabidopsis and potato and in general in eukaryotes. Anion dependent 
channels are related to stress responses and are activated by the stress hormone, abscisic 
acid (ABA) (Hunter et al., 2012). Anion release during the action potential causes changes 
in osmotic pressure within the plant cell and the cell losses turgor. In guardian cells these 
changes in turgor are related to stomatal closure, in these cells the stomatal closures is 
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stimulated by darkness, CO2 and ABA (Roelfsema et al., 2012). ABA influences on resistance 
has been studied, and the stomatal closure is belief to be the first phase of ABA action in 
stress responses (Ton et al., 2009).  
The meta-QTL mapped to the PGS reported by Danan et al.,, 2011, had low coverage since 
just few of the markers had sequences that could be blasted against PGS, even though we 
were able to identify markers within the meta QTL for late blight resistance and also 
flanking the QTL. For the markers mapping in the same position in cM, differences in 
position in base pairs were between 1-3 Mb, in some cases the anchoring gave the same 
order of the markers as reported by Danan et al., (2011). With level of confidence of 2-3 Mb 
we consider that this gene could be part of the QTL, or is near. The meta-QTL2 in 
chromosome II was reported by Simko in 2006 in a cross S. phureja x S. stenotomun (Simko 
et al., 2006), confirming that group Phureja could be also important source for quantitative 
resistance. QDR might be related to different functions in plants, as Poland reviewed in 
2008 one possibility of quantitative disease resistance mechanism is to be related to genes 
mutated on the basal defense system (Poland et al., 2008), here we have a potential ABA 
dependent protein, ABA is also present at basal defense. Also this kind of genes could be 
related to signal transduction, following the hypothesis of Poland about QDR signal 
transduction. 
Association analysis is a powerful tool to determine genes involved in quantitative traits, 
genetic dissection of these traits might be possible through association analysis. We 
reported two genes and one genomic region that are associated to late blight resistance in 
diploid germplasm, that are not located in the QTL but their location is just 2-3 Mb away 
from QTL, is possible that these SNPs are important in the QTL in chromosome II and III. 
Finally the confirmation of the reported proteins encoded by the two genes found 
associated makes reliable our finding, but still important to do the confirmation by 
expression analysis of the genes. Also the fact that LD decay for most of the chromosomes 
feat a model that ensures high resolution mapping with the data set, also enhances 
confidence on the genes found. Even though that resolution is good according to LD decay it 
would be important to increase coverage and saturation with polymorphic SNP designed 
Chapter 3 “Association mapping for late blight resistance in a Solanum tuberosum group 
 Phureja”                                                                                                                                                    María Fernanda Álvarez  
83 
 
for these germplasm, since the diversity in terms of alleles is reduced compare with 
tetraploid species.  
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Conclusions and perspectives  
Quantitative resistance in Solanum tuberosum group Phureja is controlled by different 
types of genes; in this research we identified five genomic regions associated to QDR in the 
CCC through two different approaches of association mapping. The use of different 
approaches of association mapping lead us discover different kinds of genes, involved in 
resistance responses that are not involved in diseases identification. Association mapping 
is a methodology that could be used with several types of data and populations with good 
results for the genetic dissection of several quantitative traits. Furthermore the use of 
information from previous studies on QDR and transcriptomic, are valuable information to 
complement our results; we also could add some resolution to the QTL previously reported 
by different authors, this information could be used in future genetic and breeding for 
resistance against late blight studies. 
The use of association mapping requires genotypic and phenotypic information, for this 
research we used multiple environment phenotypic data. We found that with the multiple 
environment data we were able to identify the most stable genotypes under different 
environmental and inoculum conditions. The stability of a genotype across different 
environments is important for selecting parents for the construction of breeding 
populations. We understand that the genotypic x environment interaction was stronger in 
susceptible individuals than in intermediate and resistant genotypes. Phenotypic 
characterization under different environments was accurate and reliable since the 
genotypes under different environments were stable. We still look for tools to be capable of 
a better dissection of the phenotypic components of resistance under field conditions for a 
diverse population.   
Linkage disequilibrium decay is a measure that could reveal the minimum number of SNP 
needed to obtain the best resolution of a mapping population. We found that the minimum 
distance of SNP would be between 2.5 to 1 Mb, SNP data for a better resolution should be 
located within this distance for an optimal resolution for this population.  
The fact that the number of SNPs was reduced compare with other studies of association 
mapping with SNP data highlight the power of association mapping approach, because a 
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reduced number of SNP data led us the opportunity to identify genomic regions related to 
resistance to late blight. Also we found that it is important to use a methodology for 
genotyping that captures the diversity of the germplasm of group Phureja, since the use of 
SNPs reported for tetraploids gave us a reduce number of polymorphic markers that could 
be used for association mapping analysis. We strongly recommend the use of a genotyping 
methodology that could capture the real polymorphism of the group Phureja, in a cost 
efficient manner like genotyping by sequencing (GBS).  
The use of candidate gene approach in association mapping is a good methodology to find 
genes involved in resistance responses; genomic, transcriptomic, and traditional QTL 
mapping information is important to find candidate genes for resistance against late blight. 
We used candidate gene approach using candidate genes from a transcriptomic experiment 
in tetraploid potatoes; we tested 29 genes and identify for first time according to our 
knowledge, two genes associated to late blight resistance in the CCC population, one gene 
that is related to stress responses and the other gene found in the thylakoid structure. The 
fact that we use tetraploid information and transfer to diploids, confirms the similarity in 
function between tetraploids and diplod potato germplasm. But the importance in 
resistance response of each of the genes might vary between the two types of potatoes. 
Mechanisms underlining quantitative resistance might be similar in different potato 
species, information from the genes involve in quantitative resistance is transferable in 
different types of germplasm. 
Genetic dissection of quantitative traits like QDR is possible through association mapping 
analysis discovering new genes that were not reported previously for resistance.  We used 
of 371 SNP data points distributed through the genome and reported two genes and one 
genomic region that are associated to late blight resistance in diploid germplasm. The two 
genes are related to stress responses, which might be common for different diseases 
response, like stoma closure by anion channels and a transducin through nucleotide 
binding. In the candidate gene analysis we got a gene that code for TMV induced protein 
which is related to stress responses or basal defense mechanisms. In summary most of the 
genes found in this study are also deploy in the R gene response, which involve signal 
transduction and basal defense mechanism, as stay by Poland an coworkers in 2008 .  
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We used the information from the potato genome sequence for several purposes; 
identification of genes, location in the genome of SNP data points, to find the position of 
previous QTL and its co-location with the genes that we identify; also we use the 
transcriptome information of the potato genome sequence to corroborate the activity of the 
genes or genomic regions under late blight disease. The potato genome sequence is a 
powerful tool to complement and boost, association studies and in general genetic studies 
for complex traits.  
From the SNPs identified in this study should be generated molecular markers to allow 
identify susceptible and resistance genotypes in order to apply this development in potato 
breeding programs. This research has generated important knowledge about genetic 
control of quantitative resistance to late blight and allows identifying allelic variants to 
control resistance to late blight in diploid germplasm. This is the first research to involve 
two strategies, candidate genes and SNPs distribute along potato genome sequence using 
association mapping analysis in S. tuberosum group Phureja and successfully finds allelic 
variants associated with this complex trait. 
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Supplementary material  
 
Supplementary data 1. Summary statictics for the  AUDPC values for 161 genotypes of 
Solanum tuberosum group Phureja in four environments. 
 
a. Summary of means for the 161 genotypes in four environments. 
 
Environment 1 Environment  2 Environment  3 Environment  4 
5223.1 5423.9 6980.8 4295.6 
  
 
General mean 5480.8 
 
b. Standard errors of means 
  
Table Environment   
Repetitions  160   
D.f                           477   
e.s.e.  90.44 
   
c. Standard errors of differences of means 
 
Table Environment   
rep.  160   
d.f.  477   
s.e.d.  127.91   
d.  Least significant differences of means (5% level) 
  
Table Environment   
rep.  160   
d.f.  477   
l.s.d.  251.33   
  
e. Stratum standard errors and coefficients of variation 
  
Variate: AUDPC 
  
Stratum d.f. s.e. cv% 
ID  159  2393.99  43.7 
ID.*Units*  477  1144.02  20.9 
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Figure S-1.Histograms of the AUDPC values for 161 genotypes of Solanum tuberosum group Phureja in four 
environments. X axis categories with different AUDPC values and Y axis, number of individuals in each 
category. 
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Figure S-2. Normal plots for the AUDPC values for 161 genotypes of Solanum tuberosum group Phureja in 
four environments. 
 
Table S-1. Table of AUDPC values for 161 genotypes of Solanum tuberosum group Phureja in four 
environmets. 
Genotype Environment 
1 
Environment 
2 
Environment 
3 
Environment 
4 
CCC_002 9957 9556.25 13325 10228 
CCC_003 504 437.5 2045 1467 
CCC_004 1543 1256.25 3930 2089 
CCC_005 1507 2000 2535 1928 
CCC_006 5571 6281.25 4995 2894 
CCC_007 1993 2037.5 3190 2906 
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CCC_008 7493 9212.5 10825 3467 
CCC_009 1943 2600 4730 3367 
CCC_011 1943 2587.5 5090 4222 
CCC_013 5650 6062.5 7125 4694 
CCC_014 1593 1318.75 2390 2722 
CCC_015 5729 6350 10700 3167 
CCC_016 3379 3725 6800 3139 
CCC_017 4921 5725 7475 3139 
CCC_019 6164 6975 8450 3194 
CCC_020 5521 6175 8200 3417 
CCC_021 11579 7968.75 12950 4556 
CCC_023 3236 3906.25 6300 3806 
CCC_024 4500 3018.75 5200 6389 
CCC_027 1893 1878.125 3460 5472 
CCC_030 2250 2193.75 2075 3306 
CCC_031 4464 4250 6800 3500 
CCC_032 3071 3062.5 4550 3667 
CCC_033 5179 5812.5 7100 3472 
CCC_034 4375 4843.75 7000 3528 
CCC_035 7250 5796.875 7700 5389 
CCC_036 5964 4937.5 7075 5361 
CCC_037 4286 4437.5 6000 3722 
CCC_038 1893 2562.5 3200 2917 
CCC_040 4286 4000 6950 5500 
CCC_041 8429 10571.875 8350 6750 
CCC_042 5679 6734.375 8275 5667 
CCC_043 6143 7500 8600 6917 
CCC_044 2786 2312.5 4350 2861 
CCC_045 7857 7218.75 7800 6472 
CCC_047 5714 7031.25 8200 5611 
CCC_051 1393 1100 1400 1556 
CCC_052 2357 2000 2650 1778 
CCC_053 2286 1537.5 3000 1472 
CCC_056 6107 6218.75 7775 2750 
CCC_057 5714 5062.5 7150 4167 
CCC_059 4357 4500 4500 3361 
CCC_061 8271 8906.25 11200 6194 
CCC_062 8321 9812.5 11300 6667 
CCC_063 8321 9843.75 11300 6278 
CCC_065 4286 4437.5 6000 3722 
CCC_066 5714 4937.5 7100 4167 
CCC_067 2786 2312.5 4350 2833 
CCC_069 2250 2193.75 2075 3306 
CCC_070 5179 6187.5 8200 3278 
CCC_071 5964 4937.5 7075 5111 
CCC_072 5214 6156.25 7800 3361 
CCC_073 3429 3875 4100 3722 
CCC_074 1393 1100 1400 1556 
CCC_076 1436 2000 2535 2106 
CCC_079 2786 2312.5 4350 2833 
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CCC_080 6107 6218.75 7775 2750 
CCC_083 8286 8906.25 11200 5944 
CCC_086 4143 4000 6900 5472 
CCC_087 8357 9937.5 11300 6278 
CCC_088 2286 1537.5 3000 1417 
CCC_089 8321 9812.5 11300 6278 
CCC_091 8321 9781.25 11300 6333 
CCC_094 8321 9812.5 11300 4694 
CCC_096 7857 7187.5 7800 6444 
CCC_098 3179 2156.25 7125 4333 
CCC_099 4357 4500 4700 3333 
CCC_100 1393 1100 1400 1611 
CCC_101 11964 12875 9600 4361 
CCC_102 8321 9781.25 11300 5556 
CCC_103 4143 4000 6950 4889 
CCC_104 5714 5093.75 7150 4194 
CCC_106 5679 6734.375 8275 5528 
CCC_108 5286 5093.75 6325 3889 
CCC_109 1411 1178.125 1475 1611 
CCC_110 4286 4000 6950 5722 
CCC_112 4214 4437.5 6150 3750 
CCC_113 5964 4968.75 7075 5417 
CCC_114 6286 4968.75 7125 5417 
CCC_115 2179 4562.5 6150 4056 
CCC_116 5964 4906.25 7025 5194 
CCC_117 4714 4906.25 5000 3333 
CCC_118 8321 9812.5 11300 5833 
CCC_119 2786 2312.5 4350 3333 
CCC_120 5679 6718.75 8250 5528 
CCC_121 8429 9812.5 11300 5778 
CCC_122 4357 4078.125 6950 6417 
CCC_123 7250 5828.125 6450 5111 
CCC_124 5614 6093.75 7175 4583 
CCC_125 1704 1375 2430 2806 
CCC_126 8393 9718.75 11200 5722 
CCC_127 5179 5250 7000 3333 
CCC_128 5000 6531.25 5800 2222 
CCC_131 1464 2000 2535 2264 
CCC_132 5929 4875 7025 4611 
CCC_133 4679 9812.5 11300 5778 
CCC_135 4214 5062.5 11400 4639 
CCC_136 8429 9828.125 10600 5722 
CCC_137 5964 4937.5 7075 4889 
CCC_138 4357 4500 4500 3333 
CCC_140 8464 9406.25 11200 6250 
CCC_142 5750 5000 6525 3944 
CCC_143 5750 5000 6300 3944 
CCC_144 8464 9406.25 11200 6250 
CCC_145 8393 9406.25 11200 6250 
CRE_UNI 1543 1256.25 3830 1839 
Supplementary Material                                                                                                              María Fernanda Álvarez  
97 
 
CSU_CRI 8214 9687.5 10600 5444 
CSU_R12 8357 7437.5 9800 5444 
DIFE_06 11036 11103.125 8350 6750 
GALERAS 4286 4000 6950 5472 
GUANEÑA 4375 4843.75 7000 3528 
LM_8004-01 5286 5850 5130 2989 
LM_8004-04 7482 9143.75 10825 4061 
LM_8004-07 5836 6393.75 10700 4986 
LM_8004-08 3393 3750 6800 3083 
LM_8004-11 1893 2018.75 3460 1611 
LM_8004-13 3071 3062.5 4550 3694 
LM_8004-14 7286 5796.875 7700 5236 
LM_8004-17 6000 5000 7075 4806 
LM_8004-18 4286 4156.25 6950 5444 
LM_8004-20 4357 4500 4500 3361 
LM_8004-22 9179 8937.5 11200 6333 
LM_8004-24 8321 9234.375 9050 6083 
LM_8004-25 8286 8906.25 11200 5944 
LM_8004-26 8357 9031.25 11200 5056 
LM_8004-27 8321 9812.5 11300 4611 
LM_8004-28 4393 4500 4700 3333 
MP_14951 5036 5046.875 4640 3028 
MP_170031 5714 5656.25 6925 4611 
MP_170041 6071 5718.75 7050 5528 
MP_170071 8536 10140.625 8350 6778 
MP_170081 6236 7531.25 8900 6694 
MP_170091 7857 7218.75 7800 6917 
MP_170111 8357 9812.5 11300 6833 
MP_214951 6250 6250 8550 4319 
MP_2622011 6000 7031.25 6000 5639 
MP_262261 6250 6218.75 7800 2861 
MP_262271 10286 5218.75 11200 6944 
MP_262281 8321 9968.75 11500 5889 
MP_262321 4179 4375 6250 3750 
MP_263122B 9457 9618.75 13325 10228 
TM_802-07 1482 1240.625 1575 1611 
TM_802-08 1704 1425 2530 2750 
TM_802-09 2786 2312.5 4350 1611 
TM_802-240 8321 9687.5 11200 5722 
TM_802-25 5000 5062.5 5800 4250 
TM_802-258 5929 4875 7025 4611 
TM_802-293 1464 2000 2535 2264 
TM_802-2A4 1554 2000 2585 2292 
TM_802-307 9179 9812.5 11950 6194 
TM_802-312 4571 5062.5 11400 4167 
TM_802-329 5929 4875 7025 4861 
TM_802-40 1429 1209.375 1475 1611 
TM_802-41 1429 1225 1525 1639 
TM_802-42 3429 3875 4100 3722 
TM_802-48A3 5964 4937.5 7075 5111 
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TM_802-49 5179 6187.5 8200 3306 
TM_802-50 5714 4937.5 7100 4389 
TM_802-77 8271 8906.25 11200 6194 
TM_802-85 2286 1537.5 3000 1472 
TM_802-94 1393 1100 1400 1556 
TM_802-99 1893 2531.25 3200 2306 
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Table S-2.Table for the design of the 57 genes selected for candidate gene approach. 
Primer 
Name 
Chr. Positio
n  
Gene Described function  Forward 
sequence 
Reverse 
sequence  
Tm Size 
MF18 Chr01 91366 PGSC0003DMG
400019975 
Ankyrin repeat-
containing protein 
tgt ggt agc gat tct 
caa agg 
ttg tct aac tga agt 
acc aaa g 
60 633 
MF19 Chr01 115502
0 
PGSC0003DMG
400032190 
Acidic ribosomal 
protein P1a 
gct act gga ttg gga 
tga tc 
tag ttc att gtc att 
gca aac c  
60 312 
MF20 Chr01 144869
7 
PGSC0003DMG
401032203 
Extensin  tag ctt aat cac ctg 
aaa tta tta 
cag gtt caa cac aac 
ttc aat t 
58 923 
MF22 Chr01 511776
02 
PGSC0003DMG
400011323 
Defective in induced 
resistance 1 protein 
gt cct cag ctt ata 
aat tca ac 
cga cat ctt aat cat 
ata gat tc 
60 529 
TM23 Chr01 669858
97 
PGSC0003DMG
400032101 
Histidine-containing 
phosphotransfer 
protein 
tcaaggtcagagaacag
attgc 
ttactggttggcttcttcc
att 
60 525 
TM24 Chr01 669858
97 
PGSC0003DMG
400032101 
Histidine-containing 
phosphotransfer 
protein 
tac taa cca att tta 
cta cat gat  
cat tgt ttg tta ttc ttg 
atc t 
60 694 
TM10 Chr01 791596
66 
PGSC0003DMG
400000204 
Thylakoid 
membrane 
phosphoprotein 14 
kDa, chloroplastic 
tgt aaa ctt tca aga 
ata gac ag  
gta ctt ttt ggg gat 
atc aag a  
60 481 
MF21 Chr01  319850
4 
PGSC0003DMG
400016369 
Equilibrative 
nucleoside 
transporter 1 
tcc acc ctg aac caa 
cgc a 
gta caa ctt att att 
atc cac ag 
60 466 
TM11 Chr02 551314
13 
PGSC0003DMG
400029694 
Eukaryotic 
translation initiation 
factor 3 subunit 
cac tca aag aat aag 
ctg aat t 
cgg att ctt ccg tct 
ccg 
58 842 
TM43 Chr03 421782 PGSC0003DMG
400013426 
Unknow protein atc agg aaa ggc agc 
aac ag  
cga taa ctt cgc ttt 
caa gtc 
60 301 
MF1 chr03 470613 PGSC0003DMG
400013431 
PQ-loop repeat 
family protein 
aag agc aca agg cca 
ggc at 
tat tgc tag tat cac 
gag aat a 
58 449 
TM13 chr03 962381 PGSC0003DMG
400013460 
Chlorophyll a-b 
binding protein 3C, 
chloroplastic 
cca cat tac aat aat 
ctt gta ctg  
cat ggc tgc ttc atc 
cat ggc 
62 947 
MF2 chr03 446323 PGSC0003DMG Stem-specific protein cgt caa ctt ttc aaa ccc ttt act ttc cta 58 341 
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1 400012822 TSJT1 gat cat c atc gac t 
MF3 Chr03 506139
1 
PGSC0003DMG
400005081 
Nuclear acid binding 
protein 
aag tac caa gtt gga 
ctc atg  
agt tac tga tga taa 
tag ctt g 
58 307 
MF6 Chr03 165734
50 
PGSC0003DMG
400019962 
F-box domain 
containing protein 
gaa tca gaa gat ttt 
ata gat aac 
agg gtt tca caa aga 
ggg att 
60 360 
MF4 Chr03 165793
44 
PGSC0003DMG
400019959 
24 kDa seed 
maturation protein 
tca aag ttg tgt ttc 
cat tat ct 
tgc gtg tga tct ctt 
cta tct 
60 423 
MF5 Chr03 169492
38 
PGSC0003DMG
400018522 
Thylakoid lumenal 
17.4 kDa protein, 
chloroplast 
tca gta cat aca ggg 
aca ga 
caa gta cgt agt agc 
tta cat 
58 279 
TM12 Chr03 204179
45 
PGSC0003DMG
400010170 
Miraculin ctc aag gat aca tta 
agg tag c  
gct aat ttc att tct 
cct tgc a 
60 1350 
TM12b Chr03 204179
45 
PGSC0003DMG
400010170 
Miraculin ctc aag gat aca tta 
agg tag  
gct aat ttc att tct 
cct tgc  
60 1350 
TM12c Chr03 204179
45 
PGSC0003DMG
400010170 
Miraculin ctc aag gat aca tta 
agg tag  
cag agg ttg gcc agt 
gat tt 
60 562 
TM14 Chr03 299003
86 
PGSC0003DMG
400016749 
TMV - induced 
protein I 
agc act ata agc tca 
aat taa at  
agc tct gta agt caa 
ctt cta c  
62 595 
TM15 Chr03 458064
17 
PGSC0003DMG
400009178 
Pectinesterase att ttt cca caa ctc 
tcc ttt a  
agt cat gca gcg caa 
cct tt 
60 588 
TM20 Chr04 261385
1 
PGSC0003DMG
400029517 
Desacetoxyvindoline 
4-hydroxylase 
aacacaccgggatctgta
tgt 
ccattgtcgacacagaca
tctt 
60 913 
TM40 Chr04 902125
8 
PGSC0003DMG
400015010 
proline-rich protein aat aga cca cta taa 
tgg tgc  
tac aat aat aaa cat 
cca tat gg 
60 1029 
TM16 Chr04 556815
84 
PGSC0003DMG
400006415 
14-3-3 protein 7 gtg tac ttg atg gac 
aat ggt aa 
cca atg aag gca att 
gct aag 
60 925 
TM35 Chr05 481091
0 
PGSC0003DMG
400031271 
AAA ATPase gat cgt aat gct aaa 
att tga gt 
gct tat cgt ctt cac 
tac caa 
60 684 
TM33 Chr05 570536
38 
PGSC0003DMG
400027176 
Transcription factor tga tgt ttc ttc cct 
tga aac t 
ctt gga ttt gga cat 
gga cat 
60 944 
TM34 Chr05 599021
72 
PGSC0003DMG
400023400 
DNAj att gca ata ata tgt 
ttg taa cat t 
aca caa atg act gat 
atg gaa tt 
60 378 
MF8 Chr05  198107
4 
PGSC0003DMG
400000827 
Glycosyltransferase, 
CAZy family GT8 
aag gca aat aat tga 
agt agg t 
ctc aaa gaa gcc atg 
tcc att 
60 513 
MF9 Chr05  204422 PGSC0003DMG Methionine gac atg att tag tga gag ttg aaa cat cca 60 343 
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2 400000812 aminopeptidase tgt ata g aag tgc 
MF7 Chr05  213456
6 
PGSC0003DMG
400000829 
Transmembrane 
protein TPARL 
aag aaa tgc aca gat 
act gaa g 
ctt gct tac ccc tat 
gtt cc 
60 675 
MF12 Chr06 426232
37 
PGSC0003DMG
402016495 
Stem 28 kDa 
glycoprotein 
cag aga caa ttt caa 
aca agt g 
gta ctt cgt tgc tca 
att taa t 
60 536 
TM41 Chr06 453747
19 
PGSC0003DMG
401028933 
Ribosomal protein 
S27 
cta gaa ttg tca ttt 
ctc tac c 
ctt gtt tat tgg taa 
agt gtg c 
60 483 
TM17 Chr06 465462
27 
PGSC0003DMG
400033084 
Chlorophyll a/b-
binding protein (cab-
12) 
act gta acg acg caa 
gcc t 
ttc ctg tca cat tgt 
gtt gca  
60 878 
TM19 Chr06 491907
83 
PGSC0003DMG
400005890 
16kDa membrane 
protein 
gat cca tcc aat taa 
tac aat gg 
tta tgt tat cca taa 
gat gca tg 
60 565 
MF11 Chr06 495959
17 
PGSC0003DMG
402005942 
Endo-alpha-1,4-
glucanase 
ccc ata act aac ttc 
tgg aaa a 
cca cta ttt taa gtg 
cta tca ag 
60 582 
TM18 Chr06 523557
21 
PGSC0003DMG
400034939 
Thylakoid lumenal 
15 kDa protein 1, 
chloroplastic 
cag ata gat cag cac 
cag tta 
gat tct cag ctt ctg 
ctt ctg 
62 413 
MF10 Chr06  457918
12 
PGSC0003DMG
401028788 
Inducer of CBF 
expression 
aag aag gtc aag act 
ttc atc 
cac tgt aat aat ggc 
ttt att ct 
60 931 
TM21 Chr07 444528
08 
PGSC0003DMG
400018351 
NADPH:protochloro
phyllide 
oxidoreductase 
agg tcc ctc cag ttt 
aag ag 
tat tat taa agg aat 
tcc aag atc 
60 916 
MF14 Chr07 511649
11 
PGSC0003DMG
400019248 
Chlorophyll a-b 
binding protein 13, 
chloroplastic 
ctt agt gaa aat tgt 
gag gtc 
aat tat atg agt ctg 
ctt cac tt 
60 558 
TM25 Chr07 517952
45 
PGSC0003DMG
400022241 
Photosystem II 10 
kDa polypeptide, 
chloroplastic 
cga ctg aac tta gaa 
gat taa g 
aac tat gtc  tat ata 
tgt gta gtt 
60 957 
MF15 Chr07 520922
79 
PGSC0003DMG
400022249 
Photosystem I 
reaction center V 
cca cat caa ttt cac 
ata aat ca 
tca aaa atg gca tca 
gct ctg 
60 464 
TM22 Chr07 520927
57 
PGSC0003DMG
400022249 
Photosystem I 
reaction center V 
agc tac tgc att aca 
aac aaa 
ca aac ctc cac aca 
act ca 
60 546 
TM46 Chr07  PGSC0003DMG
400019257 
chloroplast thiazole 
biosynthetic protein 
gtg ctc cat caa ttt 
cag caa  
cat tct tga gca atc 
tgt gag 
60 548 
TM27 Chr08 340966 PGSC0003DMG Cytochrome P450 ttc ttc tca ctg tca ggt ctt agg tca aaa 60 901 
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35 400020809 71D11 cac c  ttg gag 
MF13 Chr08 347142
60 
PGSC0003DMG
400030867 
Acyl-CoA-binding 
protein 
tgt caa gca gtg cag 
taa gg 
tca gtt ggt gtc tca 
tcc tta  
60 708 
TM26 Chr08 347144
64 
PGSC0003DMG
400030867 
Acyl-CoA-binding 
protein 
taaggttttgaaccaagtt
gtta 
tccactattcagttggtgt
ct 
60 742 
TM47 Chr08  PGSC0003DMG
400005805 
Photosystem I 
reaction center 
subunit 
tct ctg agt ttg aag 
aat tgt ta 
atg aac tca agt gta 
ttg gct t 
60 848 
TM28 Chr09 416385
35 
PGSC0003DMG
400024285 
Haem peroxidase, 
plant/fungal/bacteri
al 
cta ctt tga tag tgt 
tag cat at 
gct  aat gct aca gag 
tct cta  
60 1187 
MF16 Chr10 360791
39 
PGSC0003DMG
400010283 
Class Ib chitinase cta ata ata ctt aat 
tag tgg aca 
cca tcc ata act aat 
act act g 
60 462 
TM29 Chr10 433000
99 
PGSC0003DMG
400007205 
Calmodulin agc tcc agg aca tga 
taa atg  
aca act tta tca gcc 
gag gta  
60 512 
TM30 Chr10 489003
30 
PGSC0003DMG
400028151 
VAMP protein SEC22 ac ttc cag tgg caa 
taa act c 
att cat tct cca aga 
cgc tac  
60 541 
TM3 Chr11 390146
50 
PGSC0003DMG
400001149 
Allene oxide 
synthase 2 
ggt tca aaa caa tgg 
cat taa c 
tgc cga gtt ttt cag 
ctt cg 
60 906 
TM37 Chr11 390146
50 
PGSC0003DMG
400001149 
Allene oxide 
synthase 2 
tga aat cga tag cga 
aag cag 
gaa caa gca agt att 
ttg gga t 
60 740 
TM38 Chr11 390223
89 
PGSC0003DMG
400001148 
rubisco subunit 
binding-protein 
alpha subunit 
agg tga caa tta cca 
agg act  
gta atg gta ctt ttg 
gtt tgt c 
60 466 
TM39 Chr11 390223
89 
PGSC0003DMG
400001148 
rubisco subunit 
binding-protein 
alpha subunit 
aac tag ggg aat taa 
gtg ttc t 
tcc gtt cta aag gac 
aag aca 
60 596 
MF17 Chr11 410052
90 
PGSC0003DMG
400027384 
Calmodulin gaa att act caa tca 
aaa ggt tt 
gcc ttt tcc cat cta 
tac ata a 
60 789 
TM32 Chr12 610009 PGSC0003DMG
400015318 
Metallothionein ttg aaa cgg acg gaa 
taa gta a 
t gtg gag cta caa 
gtc tga at 
60 528 
TM31 Chr12 616139
90 
PGSC0003DMG
400016959 
ATP synthase delta 
chain, chloroplastic 
caa act ccg atc caa 
acg ca 
gct gtg cag caa tat 
ctt caa  
60 596 
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Table S-3.Meta-QTL markers from Danan (2011), position in the potato genome sequence. 
Chr. Marker Position in 
meta QTL cM 
Position in PGS Present in a 
meta QTL 
Number of 
Meta -QTL 
2 PBA8-11 27.20 26789000 no  
2 StPAD4-1 36.69 17175685 yes 1 
2 StPAD4-2 36.69 17173003 yes 1 
2 At1A9-a 42.90 34695597 yes 1 
2 St1.2.4-h 44.00 17659953 yes 1 
2 S3e4 44.00 18501167 yes 1 
2 GP23 45.09 14355524 yes 1 
2 At1A7-a 50.56 21827895 no  
2 CP48-a 55.09 25025900 no  
2 St1.2.3 56.10 26199200 no  
2 GP508 56.61 25895339 no  
2 StNPR1 57.12 28447838 no  
2 At1A3-a 59.84 30133607 yes 2 
2 P10b11 59.84 29683817 yes 2 
2 At2A12-b 62.56 31610538 yes 2 
2 At1D5-a 63.12 29764405 yes 2 
2 GP26 64.02 46783791 yes 2 
2 P2b8-a 67.61 33351345 yes 2 
2 S1h5-b 69.09 33667963 yes 2 
2 S2d5 69.09 34078381 yes 2 
2 CP65-b 70.56 33875945 yes 2 
2 STI0036 71.48 31851123 yes 2 
2 At1A7-b 73.87 21827895 yes 2 
2 P2b8-b 74.64 33351345 yes 2 
2 STM5114 74.68 39350024 yes 2 
2 P10f5-a 75.41 39652220 yes 2 
2 S1b9-d 76.18 41464061 yes 2 
2 P8b7-a 76.18 40508576 yes 2 
2 S2g2 76.82 35670036 yes 2 
2 P10f5-b 77.56 39652220 yes 2 
2 GP216 79.03 39397901 no  
2 S1f6 79.20 44907195 no  
2 GP504 83.01 44450119 no  
2 GP513 83.73 43585967 no  
2 STI0052 83.93 39772679 no  
2 P9f12 95.73 47138860 no  
2 At2F9-b 96.73 47808768 no  
2 P2d11-b 97.73 37631212 no  
2 GP172-a 98.73 48234953 no  
3 Pt2 18.68 626670 no  
3 At1A3-b 18.68 770828 no  
3 S1h5-a 24.68 1801673 no  
3 S1d4-c 27.68 2773807 no  
3 GP510 30.68 4255392 no  
3 Pal 31.68 5522991 no  
3 PAL-f 31.68 5522991 no  
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3 RbcS-1 31.68 4730295 no  
3 P1f3-c 32.12 44825945 no  
3 P3c9-c 33.36 7443804 no  
3 St1.2.1-b         33.80 21175543 no  
3 P3g6-b 34.23 33495817 no  
3 At1A9-b 34.36 16887102 no  
3 P8f11-a 35.12 49962568 yes 1 
3 CP112-a 35.84 34638778 yes 1 
3 At2D6-a 39.76 40323606 yes 1 
3 At2A2-e 39.84 43019055 yes 1 
3 P3d10-a 47.58 43244774 yes 2 
3 GP25 49.55 45121008 yes 2 
3 At2D02 55.48 50907609 no  
3 TG74 55.48 47453004 no  
3 P1e9 55.48 44035279 no  
3 CP6 57.47 49685447 no  
3 GP517 62.69 52405338 no  
3 S2f10 64.23 52616507 no  
3 Pha1-a 65.00 57050084 no  
3 P7g11 70.92 55344894 no  
3 P7g3-a 70.92 55645375 no  
3 S2g5 71.70 56671913 no  
3 St4cl-a 74.77 57754973 no  
3 At2A2-a 79.77 43019055 no  
3 P1g11-b 81.77 58610995 no  
3 S3a3-a 81.77 58877894 no  
3 At2B5-e 83.77 55352777 no  
3 P3c10 89.77 60526522 no  
3 S3a8 94.77 62032868 no  
6 GP17(b) 7.50 17871387 yes 1 
6 At1B7-a 12.50 57713013 yes 1 
6 PSTR-g 15.01 59459450 yes 1 
6 P1f3-a         15.50 2794913 yes 1 
6 GP317-b 16.00 314291 yes 1 
6 GP79 16.50 27400421 yes 1 
6 At2B5-c 16.50 40015928 yes 1 
6 Cyt-c red 
10kD-a 
18.46 2717895 yes 1 
6 GP164 18.47 4701496 yes 1 
6 P1a1 19.26 106391 yes 1 
6 GP202 20.75 34312220 yes 1 
6 GP249-a 21.35 33647557 yes 1 
6 St3.3.13-c 22.01 6588044 no  
6 BA5g19 22.02 21701352 no  
6 BA17f21 22.02 3603053 no  
6 At2C9-b 22.02 17908845 no  
6 P8a9-a 22.02 51433878 no  
6 WUN1 22.54 50386192 no  
6 S1a8-b 22.60 13908634 no  
6 P8d7-b 22.60 57217166 no  
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6 S1g2-a 22.60 8900529 no  
6 P3g6-a 22.61 28621585 no  
6 P1f11-e 23.19 27288179 no  
6 GP164-2 23.50 4701496 no  
6 GP136-b 23.83 31100113 no  
6 GP506 23.96 50602970 no  
6 SSR578-a 24.89 45408308 no  
6 GP102 25.11 34574007 no  
6 CD67 25.43 37024388 no  
6 TG118 27.02 39054891 no  
6 TG25 27.69 40931906 no  
6 TG54 29.17 46383900 no  
6 TG240 29.92 46476210 no  
6 TG166 29.99 39670921 no  
6 At2B5-b 30.53 40015928 no  
6 SSR128 31.69 41239727 no  
6 TG231 32.30 19118739 no  
6 CP18 35.01 43260224 no  
6 STM1050c 35.58 50386192 no  
6 At2F2-b 38.10 4151355 no  
6 P10g7-b 41.93 45136087 no  
6 GP262 42.22 46611381 no  
6 GP215-b 43.13 50464372 no  
6 S2a4-b 44.26 47764885 yes 2 
6 P8g9-b 44.26 48021179 yes 2 
6 St3.3.1-a 44.26 46932436 yes 2 
6 Pha1-b 51.23 51924995 yes 2 
6 Cyt-c red 33kD 52.02 49670640 yes 2 
6 GP89 52.93 50394411 yes 2 
6 St4cl-b 52.93 47997917 yes 2 
6 P1g11-a 55.10 50715767 yes 2 
6 S1a4-b 57.42 52680942 yes 2 
6 S1b2-c 57.43 52386677 yes 2 
6 P3c9-a 57.43 53879483 yes 2 
6 GP35-f 59.75 24952909 yes 2 
6 GP161 59.75 37886575 yes 2 
6 GP24 59.97 51476114 yes 2 
6 CP50 60.79 53748843 yes 2 
6 GP211 62.44 102414 yes 2 
6 At1A9-c 63.52 56393870 yes 2 
6 GP233 63.84 52304476 yes 2 
6 GP299-a 65.24 52152955 yes 2 
6 GP285 65.24 53855364 yes 2 
6 CP12* 55.02 53950399 yes 2 
6 S1g5-a 66.01 55837600 yes 2 
6 CP104-d 66.64 55083982 yes 2 
6 S1a2 67.26 55521294 yes 2 
6 S1c3-c 71.02 5284896 yes 2 
6 TG115* 71 58913746 yes 2 
6 At1A6-a 73.84 56419984 no  
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6 GP36-b 79.49 58987135 no  
6 At1B7-b 80.49 57713013 no  
*Markers from PoMaMo data base, position in the pathogen resistance maps.  
 
 
 
 
 
 
 
 
 
    
